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Abstract 



The extraction and purification of serum-derived immunoglobulin fraction ,n the egg yolk of hens by the 
combined treatment of the raw egg yolk with caprylic (octanoic) acid and ammonmm sulphate .s descnbedjh^ 
simple two-step method proved to be both rapid, reproducible and suitable for batch processing of pooled egg yolk. 
The method recovered in excess of 130 mg of immunoglobulin per egg yolk. 

Two chickens were inoculated at two weekly intervals with 100 ^g each of ov.ne «-lactalbum.n over a ten week 
period. The a-lactalbumin antigen was purified by a hydrophobic-interaction chromatographic procedure and 
further purified by a gel excision-elution process. .„„^:f;^it„ 

No precipitating antibodies could be demonstrated in gel diffusion techniques with this antibody. The specific.^ 
and specific activity of the antibody were monitored by western blotting and demonstrated the presence of high y 
specirandbodresr^^^ a-lactaLmin in the treated egg yolk. The extraction procedure had no adverse effects 

°" coi^uded and confirmed previous reports, that the use of chickens for the production of highly specific 
antldls to mam^^ian proteins with particular reference to milk proteins presented numerous advantages over 

conventional procedures. 

Keywords: Chicken egg yolk; Immunoglobulin extraction; Caprylic acid; a-Lactalbumin, ovine; Immunization 



1, Introduction 

Traditionally, analytical procedures for the es- 
timation of levels of milk proteins, a-lactalbumin, 

* Corresponding author. Tel.: (64)-7 8385191; Fax: (64)- 
78385628. 



)3-lactoglobulin, lactoferrin, caseins as well as 
serum-derived proteins in milk of domesticated 
animals have largely depended upon elec- 
trophoretic methods (Ng-kwai-hang and Kroeker, 
1984; Basch et al., 1985). Meisel (1990) has sug- 
gested that immunological analytical procedures 
have not found favour with the dairying industry 
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simply because antisera to individual milk pro- 
teins are not available commercially. The use of 
antibodies to bovine lactoferrin derived from the 
eggs of immunised hens and their use in an 
enzyme-linked immunosorbent assay (ELISA) was 
described in the same report. Poison et al. (1980) 
likened the yolk of birds to colostrum in early 
post-partum milk. In the egg, serum-derived pro- 
teins, notably immunoglobulins, concentrate in 
the yolk thereby providing passive immunity to 
the developing chick. The levels of immunoglobu- 
lin in the egg yolk have been reported to be as 
high as, or even greater than, those in chicken 
serum (Otani et al., 1989). In an earlier report, 
Poison et al. (1980) listed a number of advantages 
of using chickens as a source of antibody. These 
included the rapid production of large volumes of 
highly concentrated egg yolk-containing im- 
munoglobulin, the minimum of invasive proce- 
dures such as frequent inoculation and bleeding. 
Others subsequently have included the phyloge- 
netic distance between mammals and birds as a 
two-fold advantage; low levels of antigen in the 
inoculum (Gassmann et al., 1990), and a high 
probability of high antigenicity of mammalian de- 
rived antigen in immunised hens (Vieira et al., 
1984). The major disadvantage associated with 
antibody production in chickens, and perhaps the 
single reason for its lack of widespread use, is the 
difficulty in the extraction and purification of the 
immunoglobulin fraction from the yolk (Hassl 
and Aspock, 1988; Ntakarutimana et al., 1992). 
Moreover many of these methods are laborious 
and not applicable for large scale purification. 

In this present report we describe the purifica- 
tion of ovine a-lactalbumin to raise specific anti- 
bodies in the egg yolk of chickens, and a simple 
rapid two-step procedure utilising caprylic acid 
for extracting and ammonium sulphate for fur- 
ther purifying these antibodies from harvested 
egg yolk. The aim of the study was to investigate 
the feasibility of employing hens in the produc- 
tion of specific antibodies to milk and other 
mammalian proteins for the subsequent develop- 
ment of immunochemical assays for use in milk 
composition and cell culture studies. 



2. Materials and methods 

27. Purification of ovine a-lactalbumin 

Fresh sheep milk was centrifuged for 15 min at 
1000 Xg and poured through four layers of cheese 
cloth to remove fat. The pH of the skim milk was 
adjusted to 4.3 with 1 N HCl and centrifuged for 
20 min at 6000 X g. The supernatant was filtered 
through Whatman #1 filter paper and concen- 
trated to approximately 60% of the original skim 
milk volume using an Amicon spiral ultrafiltra- 
tion cartridge system, (Cartridge type SIYIO, 
Amicon, MA, USA), with a molecular weight cut 
off of 10 kilodaltons (kDa). The concentrated 
whey preparation was dialysed overnight against 
6 vols, of Milli Q water, freeze dried and stored 
in a desiccator at 4°C until required. Ovine a- 
lactalbumin was purified from the whey prepara- 
tion by a hydrophobic interaction chromato- 
graphic procedure (Lindahl and Vogel, 1984). 

The freeze dried whey preparation was recon- 
stituted in 250 mM Tris-350 mM EDTA buffer 
pH 7.5 prior to chromatography. Eluted fractions 
containing a-iactalbumin, determined by sodium 
dodecylsulphate polyacrylamide gel electrophore- 
sis (SDS-PAGE), were pooled, desalted and con- 
centrated in an Omegacell ultrafiltration system 
with a molecular cutoff of 5 kDa (Filtron Tech- 
nology, Clinton, MA, USA). Pooled fractions were 
stored in 1 ml ampoules at -20°C. Approxi- 
mately 1.2 mg of the semipurifed a-lactalbumin 
in 1 ml of a mkture of sample and X 5 concen- 
trated SDS buffer (4:1), was loaded on to a 160 X 
125 mm 15% polyacrylamide gel slab (Laemmli, 
1970) with a 145 mm wide preparative well formed 
in the stacking gel and run overnight at 50 V 
constant voltage on a Bio-Rad Protean II system 
(Bio-Rad Labs, Hercules, CA, USA.). At the 
completion of the separation, two 5 mm wide 
vertical slices were removed from each side of the 
gel slab. 

The separated proteins in the gel slices were 
visualised by Coomassie blue staining (Neuhoff et 
al., 1988), and the a-lactalbumin band excised 
from the gel slab as previously described (Mc- 
Laren et al., 1987). The excised acrylamide strip 
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was cut into 30 mm long segments and loaded 
into a 3 ml hypodermic syringe. The acrylamide 
segments were squeezed through the syringe noz- 
zle into spin-X 0.22 ^im cellulose acetate cen- 
trifuge filter units (Costar, Cambridge, MA, 
USA). A 4 mm diameter circle of glass filter 
paper was placed on the top of the cellulose 
acetate membrane at the base of each filter unit 
prior to loading the crushed acrylmamide. 200 /il 
of Milli Q water was added to the acrylamide in 
each unit and left at 4°C for 2 h. The filter units 
were centrifuged for 10 min at 6500 rpm in an 
MSE Micro Centaur centrifuge. The filtrate from 
each unit was pooled, mbced and dried down on a 
Savant SpeedVac rotory concentrator (Savant In- 
struments, Farmingdale, NY, USA). The purified 
a-lactalbumin was reconstituted in Milli-Q water. 

2.2. Immunisation of chickens 

The immunisation schedule was modified from 
the procedure described by Harboe and Ingild 
(1973) for generating specific polyclonal antibod- 
ies in the serum of rabbits. Two, prelaying, Ross 
brown pullets, approximately 20 weeks old, were 
inoculated at 2-weekly intervals for a total 10 
weeks. Each bird was inoculated by multiple in- 
tramuscular site injections in the pectoral muscle 
with 100 /xg of purified ovine a-lactalbumin in a 
mixture of equal amounts of Freund's complete 
and incomplete adjuvant. 1 ml of blood was re- 
moved from the brachial vein of each animal 10 
days following the third and fifth inoculation. The 
serum was monitored for antibody activity by 
ELISA and Western blotting. Egg collection com- 
menced immediately after the fourth inoculation. 

2,3. Extraction and purification of egg yolk im- 
munoglobulin 

Eggs collected from immunised hens were pro- 
cessed in batches of 10. Each batch yielded a 
harvested egg yolk volume between 150 ml and 
190 ml. The pooled egg yolk from each bird was 
diluted with 2 vols, of phosphate-buffered saline 
(PBS), pH 7.5 (Poison et al., 1980). The caprylic 
acid procedure for precipitating the egg yolk im- 
munoglobulin fraction was modified from the 
method of Steinbuch and Audran (1969). The pH 



of the diluted egg yolk was adjusted to 4.6 with 
acetic acid and caprylic acid was slowly added 
dropwise, 0.6 ml/min, to give a final caprylic acid 
concentration of 6% (v/v). The mbcture was 
stirred at room temperature for 2 h and cen- 
trifuged at 14,000 Xg for 30 min. The resultant 
internatant, containing the immunoglobulin frac- 
tion, was collected through glass wool to remove 
the bright yellow oil layer on the surface. The pH 
of the extract was adjusted to 7.5 with 1 M Tris 
and centrifuged for 10 min at 14,000 Xg. The 
preparation was cooled to 4°C and ammonium 
sulphate was added to a concentration of 1.75 M., 
allowed to stir at 4°C for 1 h and centrifuged at 
14,000 X g for 20 min. The supernatant was dis- 
carded and the pellet washed by resuspending in 
1.75 M ammonium sulphate and recentrifuged. 
The washed pellet was dissolved in PBS pH 7.5 to 
a volume equal to that of the undiluted harvested 
egg yolk, shell frozen and finally freeze dried. 

The yolks from sbc eggs from one bird were 
collected over a single week and each egg pro- 
cessed individually to ascertain the reproducabil- 
ity of the extraction procedure. Subsamples were 
obtained from each step of the IgG extraction 
procedure for analysis. 

2.4. Goat antichicken IgG antiserum 

A 4-year-old non-lactating female Saanen goat 
was inoculated with chicken IgG (Sigma Chemi- 
cal Co., St. Lx)uis, MO, USA). The inoculation 
schedule was the same as that described for the 
chickens. The initial inoculum comprised of 1.5 
ml of a homogenised mixture of 5 mg of chicken 
IgG in 500 jllI of saline and 500 ii\ each of 
Freund's complete and incomplete adjuvant. In 
subsequent inoculations, the complete adjuvant 
was omitted from the inoculum. 10 ml of blood 
was obtained via the jugular 10 days after the 
third and fourth inoculation for estimation of 
antibody activity by simple immunodiffusion. Ap- 
proximately 500 ml of blood was withdrawn from 
the jugular following the fifth inoculation. 

2.5. Total protein estimation 

Sample protein concentrations were deter- 
mined by a modified Pierce bicinchoninic acid 
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(BCA) assay (Morton and Evans, 1992), and by 
the standard method according to the manufac- 
tures instructions (BCA protein assay reagent in- 
struction manual # 23225x, Pierce, Rockford, IL, 
USA). In both assays the microtiter plate proto- 
col was followed. The microtiter plates were incu- 
bated at 37°C for 2 h and sample absorbance 
values read at 595 nm on a Bio-Rad microtiter 
plate reader (Bio-Rad 3550, Bio-Rad Labs., Her- 
cules, USA). The protein concentration of each 
sample was determined from a standard curve 
generated by a range of bovine serum albumin 
(BSA) concentrations from 0.25 mg to 2 mg/ml. 
The BSA standard was supplied with the BCA 
assay kit. Sample and BSA dilutions were pre- 
pared in 2% sodium dodecylsulphate (SDS) for 
the modified procedure and in phosphate 
buffered saline (PBS) for the conventional assay. 
Each diluent was used as a blank. 

26. Polyacrylamide gel electrophoresis and elec- 
trophoretic transfer of proteins 

Samples were electrophoresed on 85 X 50 mm 
polyacrylamide gel slabs (Bio-Rad Protean II mini 
gel system) after the method described by 
Laemmli (1970). Since the heavy chain of chicken 
IgG has a similar to that of serum albumin, 
67-70 kDa (Gassmann et al., 1990), samples were 
prepared under both mercaptoethanol reduced 
and non-reducing conditions. Gels were either 
stained with Coomassie blue (Neuhoff et ah, 1988) 
or separated proteins in gels were electrophoreti- 
cally transferred on to nitrocellulose membranes. 
Electrophoretic transfers were performed on a 
LKB Muliphore II Nova Blot system (LKB-Pro- 
dukter, Bromma, Sweden), using a Tris-glycine 
continuous buffer system containing 20% 
methanol (Towbin et al., 1979). Sodium dodecyl- 
sulphate was omitted from the transfer buffer. 
Gels were electroblotted for 35 min at 0.8 mA 
per cm^ The nitrocellulose membranes, NC-Ex- 
tra 22 mm (Sartorius, Gottingen, Germany), were 
stained for 10 min in 0.1% amido black in 45% 
methanol containing 10% acetic acid (Schaffner 
and Weissman, 1973), or probed with chicken 
anti-ovine a-lactalbumin antibodies after the 
method of Ventling and Hurley (1988). The sec- 



ond antibody, horseradish peroxidase conjugated 
goat anti-chicken IgG (ICP, Auckland, New 
Zealand), was used at a concentration of 1:1000. 

2 7. Immunoglobulin G assay 

The total IgG concentration in samples was 
estimated by the Rocket immunoelectrophoresis 
assay of Laurell (1966), Goat anti-chicken IgG 
antisera was used in the assay at a concentration 
of 0.3% v/v. Each sample was diluted 1/20 with 
PBS and carbamylated prior to assay by adding 2 
vols, of 2 M potassium cyanate to one volume of 
diluted sample and incubating for 1 h at 45°C 
(Weeke, 1968). A Tris-tricine buffer, pH 8.6, was 
used in the preparation of the agarose gel and 
also for the electrode buffer (Monthony et al., 
1978). Rocket immunoelectrophoresis was per- 
formed in the Bio-phoresis Horizontal Elec- 
trophoresis Cell (Bio-Rad Laboratories, Her- 
cules, CA, USA), at 1,5 V/cm for 5 h. Chicken 
IgG (Sigma Chemical Co., St. Louis, USA.) was 
used as standard in the range 200-800 ^g/m\ 
generating rocket heights from 10 to 50 mm. The 
area of each rocket was determined by triangula- 
tion, the base measured at 50% of the rocket 
height. The relationship of rocket area and anti- 
gen concentration of the IgG standards was used 
to generate a standard curve from which the IgG 
concentration in the samples was determined. 
Chicken sera, diluted egg yolk and serum from 
immunised goats were monitored for specific an- 
tibody activity by immunoelectrophoresis 
(Arquembourg et al., 1970), and by a simple 
qualitative Ouchteriony immunodiffusion proce- 
dure. In the immunodiffusion procedure, three 
agar gel buffer systems were employed; 0.15 M 
NaCl, 1,5 M NaCl (Poison et al., 1980) and 5% 
w/v polyethylene glycol 6000 (Ntakarutimana et 
al., 1992), 

2.8. Estimation of levels of specific specific anti- 
body activity by enzyme-immunoassay (ELISA) 

A simple antibody capture assay (Harlow and 
Lane, 1988) was used to determine the level of 
specific antibody in yolk extracts and serum. 
Briefly, the purified antigen was coated to the 



Table I 

Mean total pro 
Sample 



Serum 

Raw egg yolk 

The raw egg yc 
serum samples 
of Morton and 



base of the 
Following o\ 
were blocke 
0.1% polyvii 
non-specific 
serum were 
lively in dilu 
taining 0A9c 
was added i 
sample was 
column, mb 
down the w 
dilution ser: 
chicken IgG 
used at a co 
for 2 h. The 
was 3, y, 5, 
used accordi 
(Bio-Rad lal 
reaction was 
the plates w 
wavelegth 5^. 
reader (Bio 
USA). A str 



Table 2 

Average total p 



Total protein (n 
Total IgG (mg) 
IgG/protein {9i 
Titre (dilution) 

Egg yolks were 
by the Pierce B 
REY, raw egg > 



if 



i 



RD. McLaren et al /Journal of Immunological Methods 177 (1994) 175-184 



179 



: conjugated 
dand, Ncu 
n of 



amples was 
ctrophoresis 
:hicken IgG 
mcentration 
d 1/20 with 

by adding 2 
e volume of 
. h at 45°C 
pH 8.6, was 
ose gei and 
hony et al.. 
is was pcr- 
ontal Elec- 
ories, Her- 

h. Chicken 

USA.) was 
800 Mg/ml 
50 mm. The 
•y trianguia- 

the rocket 
and anti- 
ds was used 
ich the IgG 
determined, 
ierum from 
specific an- 
rophoresis 
y a simple 
sion proce- 
dure, three 
•ed; 0.15 M 
^0) and 5% 
rutimana et 



oecific anti- 
(ELISA) 

Karlow and 
ihe level of 
ind serum, 
ited to the 



Table 1 . ^ ii. 

Mean total protein and IgG conce ntrations from chicken serum and raw egg yolk 

Sample 



Mean protem 
concentration 
(mg/ml) 



Mean IgG 
concentration 
(mg/ml) 



Mean IgG 
concentration 
% of protein 
concentration 



Mean egg 
yolk volume 
(ml) 



mean total 

IgG/egg 

(mg) 



Serum 
Raw egg yolk 



41.9 + 0.3 
113 +2 



21.6 + 0.7 
19.3 + 0.9 



52 ± 1 
17J ±0.8 



19.3 ± 0.2 



371 ± 20 



The raw egg yolk values (mean ± SEM) were obtained from the yolks of six eggs from the same bird collected over 1 J^ek- Th^ 
LrumTampls (. = 3) were collected from one bird over a 5 week period. Samples were assayed for protem by the mod.f.ed BOA 
of Morton and Evans (1992) and IgG levels determined by rocket immunoelectrophoresis (Laurell, 1966). 



base of the microtitre plate well at 100 ng/well. 
Following overnight incubation at 4°C, the plates 
were blocked for 2 h at room temperature in 
0.1% polyvinyl pyrrolidole 25 (PVP) to minimise 
non-specific binding. Samples of extract and 
serum were diluted to 1/200 and 1/500 respec- 
tively in diluent buffer, 0,1 M PBS, pH 7.5, con- 
taining 0.1% PVP. 100 jLtl of PBS diluent buffer 
was added to each well. 100 fi\ of the diluted 
sample was added to the first well of each well 
column, mbced and 100 jitl serially transferred 
down the well column to generate a doubling 
dilution series. A second antibody, goat anti- 
chicken IgG horseradish peroxidase conjugate was 
used at a concentration of 1:1000 and incubated 
for 2 h. The substrate for the enzyme detection 
was 3, 3', 5, 5'-tetramethylbenzidine (TMB) and 
used according to the manufacturer's instructions 
(Bio-Rad laboratories, Hercules, CA, USA). The 
reaction was stopped with 1 N sulphuric acid and 
the plates were read at 450 nM with reference 
wavelegth 595 nM on a Bio-Rad 3550 microplate 
reader (Bio-Rad Laboratories, Hercules, CA, 
USA). A straight line equation was fitted to the 



data using the relationship log dilution as a func- 
tion of absobance. The sample titre was taken as 
the X axis intercept of the computed line of best 
fit. 



3. Results and discussion 

Total protein and IgG concentrations in 
chicken serum and egg yolk are shown in Table 1. 
The mean IgG concentration was similar in both 
serum and egg yolk, 21.6 and 19.3 mg/ml, respec- 
tively. The serum IgG concentration was within 
the range reported by Kowalczyk et al. (1985), 
5.3-43.3 mg/ml with a mean value of around 
16.0 mg/ml. The chicken egg yolk IgG levels 
published in the literature also show considerable 
variation (Losch et al., 1986). Rosol et al. (1993) 
reported IgG concentrations in egg yolk of 20-25 
mg/ml and Jensenius et al. (1981) reported val- 
ues between 10 and 15 mg/ml after sodium sul- 
phate precipitation. Total IgG per egg yolk ap- 
pear to be in the region of 100-250 mg (Carroll 
and StroUar, 1983; Stuart et al., 1988; Gassmann 



Table 2 

Average total protein, 


IgG and antibody titre of six eggs 


from one bird 






REY 


CAI 


ASP 




Total protein (mg) 
Total IgG (mg) 
IgG/protein(%) 
Titre (dilution) 


1782+ 18 
371 ± 20 
21 ± 1 
1/6339 ±286 


313 ± 6 
139 ± 5 
45 ± 2 
1/6182 ± 118 


214+ 4 
136+ 5 
64+ 2 
1/6218 ± 100 





Egg yolks were processed individually by the caprylic acid-ammonmm sulphate igo extracuon pro.cu,,,. h-"'-" — 

by Ae pferce BCA assay, IgG by Rocket immunoelectrophoresis and titre from specific ELISA. Values are mean ± SEM (n - 6) 

REY, raw egg yolk; CAI, caprylic acid internatant; ASP, reconstituted ammonium sulphate precipitate. 
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et al., 1990; Hatta et al., 1990; Lee et al., 1991; 
Yokoyama et al., 1993). In the present study the 
average content of IgG prior to extraction was 
estimated to be 371 ± 20 mg (mean ± SEM) per 
egg. 

Treatment of six separate egg yolk prepara- 
tions with caprylic acid reduced the mean total 
protein to 17.6 + 0.4% of that of the original 
harvested egg yolk. This was further reduced 
after ammonium sulphate precipitation to 12 ± 
0.3% and the mean ratio of IgG to total protein 
increased to more than three-fold (Table 2), The 
average yield of IgG from the six preparations 
was 136 ± 5 mg per egg, demonstrating the repro- 
ducability of the extraction procedure. The ex- 
traction process did not appear to effect antibody 
titre as assessed by specific ELISA (Table 2). 

Extraction and purification of the im- 
munoglobulin fraction from the egg yolks of im- 
munised hens has been the focus of a number of 
reports (Ntakarutimana et al., 1992; Yokoyama et 
al., 1993; Akita and Nakai, 1993). The initial step 
in most egg yolk immunoglobulin extraction pro- 
cedures involves the separation of proteins, prin- 
cipally albumin and lipoproteins, from IgG. The 
caprylic acid treatment used in the present study 
was adated from the method of Steinbuch and 
Audran (1969), optimised for the purification of 
IgG from rabbit serum (Borissenko, unpublished 
observations). It acted to precipitate the majority 
of both high and low molecular weight proteins in 
the raw egg yolk. The IgG fraction, along with 
two major bands, were retained in the internatant 
(Fig. 1). The intensities of both these bands ap- 
peared to be further reduced but not completely 
removed in the final preparation by ammonium 
sulphate precipitation. 

Single immunoprecipitin arcs were obtained 
with the goat antiserum reacting with chicken 
serum, raw egg yolk and purified chicken IgG 
(Fig. 2), confirming homology between egg yolk- 
derived immunoglobulin and serum IgG as previ- 
ously published (Hatta et al., 1990). We were 
unable to demonstrate precipitating antibodies to 
ovine a-lactalbumin in the immune egg yolk 
preparations. The inability of chickens to produce 
visible immune precipitation complexes in gel dif- 
fusion procedures has been previously docu- 
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Fig. 1. SDS-PAGE of samples from egg yolk immunoglobulin 
purification. Each lane was loaded with 10 /Ag of protein. The 
acrylamide monomer concentration of each gel was 12.5%. 
Gel B contained mercaptoethanol treated samples. Lane 1, 
chicken serum; lane 2, untreated egg yolk; lane 3, caprylic 
acid internatant; lane 4, ammonium sulphate supernatant; 
lane 5, ammonium sulphate pellet redissolved in PBS; lane 6, 
as 5 following lyophilisation; lane 7, purified chicken serum 
IgG (Sigma); lane 8, prestained molecular weight markers 
(Bio-Rad). 



mented (Ntakarutimana et al, 1992). Precipitat- 
ing antibodies were generated in the egg yolk of 
chickens inoculated with viral antigens (Poison et 
al., 1980). However, it has been suggested that 
antigens with molecular weights of less than 30 
kDa do not evoke precipitating antibodies and 
that the general inmiune response in chickens is 
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Fig. 2. A: immunoelectrophoresis of goat anti-chicken IgG 
antisera. Each well was loaded with 3 ^1 of sample. Well 1. 
purified egg extract; well 2, purified chicken IgG (Sigma): well 
3, chicken serum: and well 4, pooled egg yolk diluted 1/3 with 
PBS. 50 fi\ of goat anti-chicken IgG antiserum was added to 
each trough. The anode is on the left side of the plate. B: 
immunodiffusion of goat anti-chicken IgG antisera. Ail wells 
were loaded with 10 ^1 of sample. The central well contained 
goat anti-chicken IgG antiserum. Well 1. chicken IgG: well 2. 
diluted egg yolk: well 3. purified egg extract: well 4. chicken 
serum. 

poor (Otani et al., 1989). Ovine a-lactalbumin, on 
SDS-PAGE, has an apparent molecular weight 
almost identical to that of bovine a-lactalbumin, 
14.2 kDa (Whitney et al., 1976), and although we 
were unable to visualise egg yolk-derived precipi- 
tating antibodies we were able to show good 
immune responses by Western blotting and 
ELISA, The antibody appeared to be highly spe- 
cific for a-lactalbumin from whey but cross-re- 
acted with both ovine and bovine a-lactalbumin 
after Western blotting (Fig. 3B), indicating the 



presence of common epitopes between the two 
species. Likewise, Otani et al. (1989) produced 
egg yolk antibodies to bovine a Sl-casein (molec- 
ular weight 23.5 kDa), and more recently Lee et 
al. (1991) successfully used chickens to generate 
antibodies to human insulin which has a molecu- 
lar weight of less than 6 kDa. Both these groups 
used ELISA to monitor antibody response and 
the presence or otherwise of precipitating anti- 
bodies to both antigens was not reported. 

As previously acknowledged. Poison et al. 
(1980) have listed the numerous advantages of 
using chickens to generate specific antibodies. A 
number of authors subsequently have focused on 
the phylogenetic distance between birds and 
mammals suggesting that this greatly increases 
the probability of mammalian proteins stimulat- 
ing an immune response in the serum and egg 
yolk of inoculated hens (Vieira et al., 1984; 
Ntakarutimana et al., 1992; Stuart et al., 1988). 
Gassmann et al. (1990) reported that low levels, 
20-30 Aig, of a highly conserved mammalian pro- 
tein, proliferating cell nuclear antigen, induced 
an immune response in chickens in contrast to 
their failure to demonstrate specific antibodies in 
rabbits to the same antigen. They also concluded 
that increasing the amount of antigen adminis- 
tered to evoke an immune response in chickens 
was not necessarily accompanied by an increase 
in the level of response. In this context, a pilot 
study by us prior to this current investigation 
suggested that the purity of the antigen used in 
the inoculation of hens was an important consid- 
eration. We found that low levels of contaminat- 
ing proteins, < 2 ixg, was sufficient to induce an 
immune response in chickens (data not shown), 
confirming that only low amounts of antigen are 
required. This finding also highlighted the need 
to ensure that only the target protein is present in 
the inoculum. We have found that the excision 
and elution of the target protein separated on an 
SDS-PAGE offers a simple and convenient 
method to generate highly purified antigens (Fig. 
3). The ovine a-lactalbumin used in the inocula- 
tion schedule (lane 3, Fig. 3A) was prepared from 
pooled fractions of ovine a-lactalbumin purified 
by a hydrophobic-interaction chromatographic 
procedure (lane 2, Fig. 3A). Although the effi- 
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ciency of the gel excision method in terms of 
protein recovery is poor (approximately 40%- 
50%), sufficient highly purified ovine a- 
lactalbumin antibody may be obtained in a few 
separations to complete an inoculation schedule 
employing two animals. 

In conclusion, the caprylic acid-ammonium 
sulphate extraction and purification of chicken 
IgG from egg yolk has proved to be rapid, simple 
and reproducible. Although the conditions used 
were optimised for purification of hyperimmune 



rabbit serum and not egg yolk, the yield of 136 
mg purified IgG per egg is more than sufficient 
for the needs of an experimental laboratory. 
Moreover, the extraction procedure is applicable 
for batch processing with 25 eggs being easily 
processed up to the shell frozen stage prior to 
lyophylisation by one person in a single working 
day. This study further confirmed the advantage 
of using chickens for the generation of antibodies 
of high specificity to a mammalian protein such 
as ovine a-iactalbumin. 
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Fig. 3. A: SDS-PAGE (15%) of ovine whey, 20 fxg, lane 1; pooled fraction of ovine a-lactalbumin from hydrophobic interaction 
chromatography, 4 ^g, lane 2; ovine a-lactalbumin from the gel excision procedure, 4 /ig, lane 3; bovine whey, 16 ^g, lane 4; 
bovine a-Iactalbumin from Sigma, 4 /ig, lane 5; prestained molecular weight markers from Bio-Rad, lane 6. B: Western blot of 
samples described in A using chicken anti-ovine a-lactalbumin at a concentration of 1 /750, Samples were electrophorectically 
transferred to nitrocellulose membrane prior to immunodetection. 
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Multiple j(clero$i$ (MS) is a central ncr\'ous disease thought to be elicited by an autoimmune process. Many studies in 
recent years have concentrated on finding the alterations in the peripheral blood immune profile in MS patients that 
yvitM reflect disease activily. In the present study, we investigated surface antigen expression on lymphocytes and 
granulocytes from MS patients and control subjects. We have studied 29 patients sufTering from relapsing-remitting or 
relapsing-progressive forms of MS. The disease was diagnosed In all patients at least 12 months before inclusion into the 
study. All patients had no attack at the study cntr>' date or within a previous month. The control group included 29 age- 
matched subjects. Phenotyping of peripheral blood leukocytes was carried out with different fluorescence-conjugated 
murine monoclonal antilMidies. The analysis nas performed with three-color flow cytometry. The following antigens were 
determined (cluster of definition (CD)]: leukocyte common antigen (LCA) (11220, T 200, Ly-S), CD45; LPS-R 
(lipopuWsaccharide receptor), CDt4; found on all T cells, CD3; LFA-2 (lymphocyte function associated antigen, T It), 
CD2; corecepfor for MHC class II molecules, found on helper T cells, CD4; coreceptor for MfTC class I molecules, found 
on suppressor/cytotoxic T cells, CDS; B4, found on all human B cells, CD 1 9; NCAM (neural cell adhesion molecule), 
CD56; integrin flj subunit, associated with CDlla (CDIIa/CDlS, LFA-1, ahpi) and CDIIb (CDllb/CD18, Mac-I,CR3, 
aMfil), CD18; aL, a subunit of integrin LFA I (aLfil, CDlla/CD18), CDlla; aM, a subunit of integrin Mac-I (CR3, 
aMpi, CDllb/CD18), CDlIb; ICAM I (intercellular adhesion molecule), CD54; H-CAM, Hermes antigen, Pgp-1, CD44; 
AIM (activation inducer molecule), early activation antigen, CD69; T-cell receptor yd, TCR yd. In the MS group, we have 
found a significant increased expression of CD54 and CD44 antigens on lymphocytes, and higher percentage CD54"and 
CDIIa 'CD54' lymphocytes out of all lymphocytes compared with the control group. We have also found a significant 
increased expression of CDlla, CDIS and CDS4 antigens on granulocytes, and higher percentage CDllb'CDlS' 
granulocytes out of all granulocytes in MS patients compared with control. Higher levels of expression of the adhesion 
molecules may reflect the activation state of leukocytes in MS patients. Eur J Neurol 6.347 352 i 1999 T ippineoti Williams & 
Wilkins 

Keywords: multiple sclerosis, peripheral blood lymphocytes, peripheral blood granulocytes, adhesion molecules 



INTRODUCTION 

Multiple sclerosis (MS) is an infliimmatory demyclina- 
ting disease of the central nervous system (CNS) of 
putative autoimmune origin (reviewed by Storch and 
Lassmann, 1997). It is admitted today that to initiate 
the inflammatory reaction in MS lesions, T cells 
activated toward self- or cross-reactive antigens need to 
migrate from the bloodstream into the CNS compart- 
ment (reviewed by Hartung el al., 1995). MS plaques 
arc characterized by focal T cells, B cells, macrophages 
and glial cell infiltration, particularly in ihc areas 

1351-5101 r 1999 Lippincou Williams & Wilkins 



around small venules. Factors determining the composi- 
tion and temporal evolution of the cellular infiltrate in 
MS brain are unknown (reviewed by Hohlfeld, 1997). 
The mechanism of crossing the blood brain barrier 
and gaining access to the CNS by leukocytes involves 
adhesive interactions between these cells and cerebral 
microvascular endothelial cells. Inflammatory reactions 
that comprise leukocyte activation and transmigration 
appear to be controlled by numerous cytokines and 
adhesion molecules (reviewed by Olsson vt al., 1990; 
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Springer 1994; Hafler and Weincr, 1995). The extra- 
vasation of leukocytes into the CNS parenchyma is 
facilitated by the expression of adhesion molecules on 
both leukocytes and cerebral vascular endothelial ceils 
(reviewed by Svenningsson et ai, 1993; Droogan ai, 
1996; Karlik et aL 1997). 

The evidence supporting a systemic immune ab- 
normality in MS includes a decrease in a functional 
suppressor activity of circulating lymphocytes, abnor- 
malities of effector cell functions, defects in interferon 
production by peripheral blood lymphocytes and abnor- 
mal numbers of circulating lymphocyte subsets deter- 
mined by immunophenotyping (reviewed by Bansil ef 
at.. 1994; Hunter and Rodriguez, 1995). It is not clear 
whether these immune aberrations in MS represent a 
primary defect and contribute to the disease pathogen- 
esis directly or represent a secondary event. 

The development of immunological techniques, 
mostly by means of monoclonal antibodies, has allowed 
the study of cell surface markers and the understanding 
of the role of leukocyte subsets in immune regulation. 
In MS, the abnormalities in peripheral blood immuno- 
phcnoiyp)es have been found in diflerent forms and 
phases of disease activity. No characteristic patterns for 
MS have so far been identified. 

In our study, three-color flow cytometry was applied 
to search for distinctive populations of peripheral blood 
leukocyte immunophcnotypcs in patients with rclap- 
sing-remitting or relapsing-progrcssive forms of MS 
and with mild or moderate disability. We have also 
included the analysis of leukocyte adhesion molecules 
due to their putative pathogenic and therapeutic im- 
plications. 

METHODS 
Patients 

We have studied 29 out-patients (2 1 women and eight 
men) with clinically definite or laboratory-supported 
definite MS (Poser ef ai, 1983). The mean age was 
32,6 years [95% confidence interval (CI) 29.8- 35.4]. 
The diagnosis was based on the history, clinical signs 
and results of laboratory methods (magnetic resonance 
imaging, cerebrospinal fluid (CSF) immunoglobulin 
([g)G ofigoclonal bands, and visual evoked potentials). 
Twenty-two patients had rclapsing-rcmitting form and 
seven had rclapsing-progressivc form of MS. The 
disease was diagnosed in all patients at least 12 months 
before inclusion into the study and the mean disease 
duration was 4.3 years (95% CI 3.1 5.5). All patients 
had no attack at the study entry date or within the 
previous month. The mean fCurtzke's expanded disabil- 
ity status scale (Kurtzke, 1983) score was 3.2 (95% CI 
2.9 3.5), No patient had more than 5.5 scores. 



None of the patients had received corticosteroid 
treatment for at least 4 weeks preceding the investiga- 
tion. The cytostatic or immunomodulatory therapy had 
never been applied to them. No patient suffered from 
other neurological disease. 

Control group 

The control group included 29 age-matched subjects 
(20 healthy volunteers and nine patients with other 
neurological diseases epilepsy, headache, neuralgia, 
discopathy). There were 20 women and nine men. The 
mean age was 3 1 .5 years (95% C! 28. 1 34.8). 

Cell preparations and flow cytometry analysis 
All blood samples were obtained from patients con- 
sulted in the 2nd Department of Neurology, Institute of 
Psychiatry and Neurology. The study protocol was 
approved by the local Ethics Committee. 

Two milliliters of venous blood samples from MS 
patients and control subjects were collected into a tube 
containing heparin. Phenolyping was carried out with 
a panel of different fluorescence-conjugated mouse 
monoclonal antibodies (m Ah). For a color separation, 
each panel contained mAb conjugated w^th fluorescein 
isothiocyanate (FITC), R-phyeoerythrin (RPE) or fluor- 
ochrome consisting of the cyanin-5 (Cy-5) covalcnt 
coupled to R-phycoerythrin (RPE-Cy5). 

According to the manufacturers' established proce- 
dures, an adequate volume of specific mAb was mixed 
with aliquots of whole blood samples containing 
5 X 10^ cells. The following anti-human mAb obtained 
from the suppliers (given in parentheses) were used: 
anti-CD 1 8 (LFA-I, Bela-Chain) conjugated with FFFC 
(DAKO A/S. Glostrup, Denmark), anti-CDIlb (C3bi 
receptor) conjugated with RPE (DAKO), anti-CD3RPE- 
Cy5 (T Cell) conjugated with RPE-Cy5 (DAKO), anti- 
CDlla (LFA-I, Alpha-Chain) conjugated with FITC 
(DAKO), anti-CD54 (Leu-54) conjugated with PE 
(Becton Dickinson Immunocytometry System, San 
Jo.sc, CA, USA), anti-CD44 {Lcu-44) conjugated with 
FITC (Becton Dickinson), anti-TCR-y/d-l conjugated 
with PE (Becton Dickinson), anli-CD69 (Leu-23) con- 
jugated with FITC (Becton Dickinson), anti-CD56 
(Leu- 19) conjugated with PH (Becton Dickinson), anti- 
CD8 conjugated with FITC, anti-CD4 conjugated with 
RPE; anti-CD2 conjugated with FITC, anti-CD 19 
conjugated with RPE (DAKO Dual Color Reagent); 
anli-CT>45 conjugated with FITC, anii-CD14 conju- 
gated with RPE (DAKO Dual Color Reagent). For 
identification of the difierent CDs, see definitions 
presented in the abstract (Agcr et al,, 1997). 

The cell suspensions were incubated in the dark at 
4T for 30min. The red cells were then lysed by 
adding to each test tube 4 ml of Ortho-mune Lysing 
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Reagent (C)rtho Diagnostic Systems, Ncckargcmiind, 
Germany). When the lysis was complete, the leukocytes 
were collected by centrifugation at 400 X ^ for 6 min 
at 4°C and the supcmatc was discarded. Then white 
blood cells were washed by adding 2 ml buffer contain- 
ing phosphate buffered saline with 1% bovine scrum 
albumin and 0.1% sodium azide (PBS-BSA) to each 
test tube and centrifuged at 400 X g for 6 min at 4"C, 
and the supcmatc v,iis discarded. The wash procedure 
was repeated with 1 ml PBS BSA. The cells were 
rcsuspendcd in an appropriate fluid (1% paraformalde- 
hyde in PBS) for flow cytoinetry analysis. 

IgGI conjugated with FITC/IgG2a conjugated with 
PH <Simultest Control yl/y2a, Bccton Dickinson) and 
mouse IgGI conjugated with FITC/IgGI conjugated 
with RPE^lgGI conjugated with RPF.-CyS (DAKO 
Triple Color Reagent) were used as a negative control. 

The analysis was performed with three-color flow 
cytometry using Cyloron- Absolute Ortho Diagnostic. 
Sample data were analysed by Immunocant II software. 

Results were expressed as percentages of each subset 
to respectively gated lymphocytes or granulocytes. The 
intensity of fluorescence was performed as mean 
fluorescence channel (mch) and relative fluorescence 
index (RFI). The RFI was calculated as a quotient of 
mean fluorescence channel cells stained with mAb 
conjugated with FITC or RPE and mean channel cells 
stained with respective (according to isotypc) negative 
control. 

Statistical evaluation 

If data were found to be normally distributed, the 
comparison between control and MS groups was 
performed using Student's /-test. The non-parametric 
Mann Whitney U-test was used to compare the groups 
in case data were not found to be normally distributed, 
P values equal to or lower than 0.05 were considered 
statistically significant. 

RESULTS 
Lymphocytes 

The percentage of CD54* lymphocytes out of all 
lymphocytes was significantly higher (P ^ 0.03) in MS 
patients than in controls. We have also found increased 
expression of CD54 antigen (mch, /'< 0.000001) on 
lymphocytes in the MS group compared with the 
control group. MS patients had higher percentage of 
CDlla-CD54' lymphocytes, out of all lymphocytes, 
than the controls (P = 0.04). The significant incrca.sed 
expression of CD44 antigen (mch, = 0.005; RFI, 
P = OA)\) on lymphocytes was al.so found in MS 
patients compared with the control group (Table I). 
Wc have not found any significant difTcrcnccs between 



TABLE 1. Adhesion molecules on lymphocytes in MS patients 
and the control group 

Type MS patients Controls PleveF 

(n = 28) (n-29) 

CD54 ' « 9.60 ( ^ 2.60) 8 31 (± 2.66) 0-03 

CD54'-^ 85.02 (±4.53) 77.53 (± 2.96) 0.000001 

CD1 la' CD54"« 8.88 {± 2.49} 7.65 {± 2.93) 0.04 

CD44*»> 86.57 (±7.60) 81.76 (±7.10) 0.005 

CD44'^ 3.08 (i 0-27) 2.89 (i 0-31) 0.01 



Results are presented as mean n: SD. 

* Percentage (%) lymphocytes out of all lymphocytes. 

*'Mean fluorescence channel (mch). 

*^Relative fluorescence index (RFI). 

'^Mann-Whitney U test. 



MS patients and the control group in percentage of 
CD2 \ CD2 CD3\ CD3\ CD4XD3*. CD8XD3% 
CDlla'. CDlla'CD3\ CDlIb'. CDllb'CD3\ 
CD1Ib'CD18',CD18\CDI8'CD3',CD19\CD44\ 
CD44XD3\ 0054X03-", CD56", CD56»CD3\ 
y(VTCR, y(5'TCRCD3', CD44 yd TCR, CD69\ 
CD69*CD3\ CD69XD56* lymphocytes out of all 
lymphocytes. The expression (mch and RFI) of CDl la, 
CDllb and CD18 antigens on lymphocytes did not 
difTer significantly in MS patients and controls. (Table 
2). 

Granulocytes 

We have found significant increased expression of 
CD 11 a (mch, P = 0.002; RFI, P = 0,002), CD 18 (RFI, 
P 0.005) and CD54 (mch, P ^ 0.02) antigens on 
granulocytes in the MS group compared with controls. 
The percentage of CDl lb' CDl 8' granulocytes out of 
all granulocytes in MS patients was significantly higher 
compared with the control group (P = 0.03) (Table 3). 

We have found no statistical difTcrcnccs in the 
percentage of CDlla^, CDnaXD54\ CDllb\ 
CDI8*, CD54^ granulocytes out of all granulocytes 
between MS and control groups. There was no 
significance in expression of CDllb and CDI4 anti- 
gens on granulocytes (Table 4). 

DISCUSSION 

In the three-color flow cytometry analysis of surface 
molecule expression by peripheral blood lymphocyte 
subsets, wc have found a significantly higher percent- 
age of CD54' lymphocytes out of all lymphocytes, and 
increased expression of this antigen on lymphocytes in 
the MS group as revealed by mch compared with 
control subjects. Antigen CD54 is the immunoglobin 
superfamily member thai is expressed on various cells, 
such as vascular endothelial cells, astrocytes, B cells, T 
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TABLE 2. Phenotypes of peripheral blood lymphocytes, which 
did not significantly differ in MS patients and the control group 



Type MS patients Controls (n 29) 

(rt = 2e) 



CD2 


O0.D2 (+ O.VO) 


i 4 / J A A^\ 

79. n (± 4.47) 




CO C< /_t_ D *>rt\ 


CO tvj t L a ca\ 
W,\)f { r O.OO) 


CD3 " 


70.72 (JL 7,41) 


72.1 b (± O.U7) 


CD4 CD3 


A'7 OA t I a * a\ 

47.84 ( r 8-18) 


A O AO / J C -1 Q\ 

4o.0o ( i. o.lo; 


CD8 CD3 


16.40 (db 5.10) 


47 OO /_t_ C £iA\ 

17.23 (± 5.64} 


CD1 la'® 


97.43 (± 1.81) 


A7 07 / 4 iin\ 

97,37 (x 1.49} 


COila ° 


132.16 (± 8.57) 


4 OD il 4 / J. C ao\ 

128-41 6.93) 


CD1 1a'^ 


A ^O /_L jlO\ 

4,73 (± 0.42) 


4.56 (t 0.51) 




70.O1 (j. 7.51) 


71 .94 (± 6.00) 


UU11D 


OH jIA ~r oo\ 
J l.4y (:t /.3^) 


OO c no\ 

3^.4y {-t o.Uo; 




■104 nvi t I c cox 

131.04 (i; 6.63) 


4 OD 4 7 ? Oft\ 

128.17 (± 7.29} 


GDI 1b*^ 


26.34 6.53) 


29.57 ( \ 8 95) 


CDIIb CD3 * 


10.08 (± 5.23) 


12.93 (± 6.54) 


CDIIb CD18^ 


30.86 (i- 7-50) 


31.48 (± 7.45) 


CD18*° 


96.95 (± 2.65) 


96.96 (± 1 .52) 


C018"'' 


127.56 (1 8.19) 


124.03 (1 6,77) 


CD18'*' 


4.57 (1. 0.44) 


4.40 (J. 0.47) 


CD18" CDS * 


70.54 (J. 7.52) 


72.14 (i 5.95) 


CD19'^ 


11.43 (1 3,53) 


11.86 (J. 3.27) 


CD44'" 


46.90 23,82) 


48.56 (± 23-20) 


CD44" CD3 « 


36.67 (J. 21-00) 


40.35 (± 20.53) 


CD54- CD3 * 


0.75 (i 0.81) 


0.99(1 0.84) 


CD56-® 


17.19 (± 7.55) 


16.66 (± 6.10) 


CD56^ CD3 » 


3.25 (± 2.51) 


4.03 (± 3.43) 


3'rVTCR^ 


4.55 (± 2.84) 


4.67 (± 2.84) 


VfVTCR CD3 '" 


4.33 (± 2.86) 


4.43 (+ 2.84) 


CD44 TCR« 


0.73 (± 0.73) 


0.89 (± 1-39) 


CD69'« 


1,80 (± 1.15) 


2.25 (i 1.37) 


CD69 CD3 » 


0.54 (± 0.29) 


0.61 {± 0.24) 


CD69 CD56 « 


0.55 (± 0.28) 


0.43(1 0,19) 



Results are presented as mean ± SD. 
'Percentage (%) lymphocytes out of all lymphocytes. 
^'Mean fluorescence channel (mch). 
Relative fluorescence index (RFl). 



TABLE 3. Adhesion molecules on granulocytes in MS patients 
and control group 



Type MS patients Controls P level** 

(n = 25) (n-28) 



CD11a'« 117.71 (+ 5.97) 113.52 (± 3.33) 0.002 

COila**' 2.45 (= 0.19) 2.26 (i 0.20) 0,002 

CD18-^ 2.79(1 0.25) 2.58 (± 0.26) 0.005 

CD54*« 94.43 (i 20.55) 78.59 (i: 7.44) 0.02 



CD11b^ CD18-*"= 99.79 (±0,18) 99.46 (+ 0.76) 0.03 



Results are presented as mean ± SD. 

°Mean fluorescence channel (mch). 

''Relative fluorescence index (RFl). 

^Percentage (%) granulocytes out of all granulocytes. 

**Mann-Whltney U test. 



TABLE 4. Phenotypes of peripheral blood granulocytes, which 
did not significantly differ in MS patients and the control group 



Type MS patients (/? = 25) Controls (n - 28) 



CDIIa" 


99.33 (± 0.79) 


99.58 (1 0.59) 


CDIIa' CD54''' 


5.97 (± 6.69) 


10.05 (± 12.17) 


CD11b'« 


99.84 (± 0.19) 


99.59 (± 0.67) 


CDIIb^** 


182.91 (± 13.13) 


180.48(1 15.63) 


CDIIb^ 


14.81 (± 2.63) 


16.85 (i 4.59) 


CD14*«» 


96.74 (i 10.05) 


91.80 (± 7.39) 


CD14"'= 


7.97 (± 1.44) 


8.65 (± 1.84) 


CD18'« 


99.84 (± 0.16) 


99.57 (± 0.68) 


CD18'*' 


133.63 (+ 7.72) 


129.42 (± 7.19) 


CD54'« 


6,40 (± 6.89) 


10.08 (± 12.17) 



Results are presented as mean ± SD. 
^Percentage (%) granulocytes out of alt granulocytes. 
^Mean fluorescence channel (mch). 
^Relative fluorescence index (RFI). 



cclls and macrophages. Resting T cells express little or 
no CD54, while activated T cells express significant 
amounts of this antigen (Van den Noon et aL, 1989; 
Raine and Cannela, 1992). The increased expression of 
CD54 on T cells from patients with MS might play an 
important role in the enhancement of the antigen 
recognition, leading to effector functions that may be 
responsible for the immunopathogenesis of MS. 

We have also found the significant increase of CD44 
antigen expression on lymphocytes in MS patients 
compared with control subjects. The higher expression 
of this antigen on CSF T lymphocytes, but not on 
peripheral blood lymphocytes, has been reported 
(Girgrah et uL, 1991). The CD44 antigen is a 
proteoglycan implicated in several adhesion events 
including the initial adhesion of T cells to endothelium 
(Antel and Owens, 1993). Our observation that there is 



higher expression of adhesion molecules CD54 and 
CD44 in MS patients may reflect the general activation 
of peripheral blood lymphocytes. However, from our 
findings we cannot define whether the altered expres- 
sion of the above-mentioned antigens represents a 
primary defect and contributes to the disease pathogen- 
esis directly, or represents a secondary event. This may 
result from a response to an activating signal, such as 
lymphokines released by cells participating in inflam- 
matory reactions in the CNS (reviewed by Hunter and 
Rodriguez, 1995). 

Tn our study, we have found that MS patients had a 
higher percentage of CDIla"^CD54"^ lymphocytes out 
of all lymphocytes than the control group. This 
constitutes further evidence of the peripheral immune 
activation. 

Our results did not confirm those reported by some 
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authors of alterations in the percentage of CD2^, 
CD3*, CDI9\ CD56-^, yd' TCR and CD69" lympho- 
cytes (Kreutzfelder et qL, 1992; Munschauer et al., 
1995; Bongioanni et ciL, 1996). One reason for these 
differences may lie in the various methods (staining by 
fluorescent or enTymc-linked antibodies, type of anti- 
body used, enumeration of the cells by microscopic 
evaluation or by flow cytometry, using one-, two- or 
three-color flow cytometry) used to determine the 
peripheral blood cells. It also might result from a 
disease phase during which the blood samples were 
collected. 

We have not found significant difTcrcncc in the 
peripheral blood CDS * T lymphocytes (supprcssor/cyto- 
toxic) between the MS group and controls. Many 
studies on lymphocyte subsets in MS have revealed a 
loss of circulating CD8*T cells (Huddlestone and 
Oldstonc, 1979; Compston» 1983; Thompson et al, 
1985; Kreutzfelder et aL. 1992; Crucian et al., 1995). 
However, these T-cell changes were found to be related 
to increased disease activity, as patients in remission or 
with inactive disease have normal numbers of suppres- 
sor/cytotoxic cells (Kastrukoff and Paty, 1 984; Rose ef 
al., 1988; Capra et al,, 1992), These reports may 
explain our findings. It should be also pointed out that 
some studies (Hirsch et al, 1985; Frcquin et al, 1993; 
Calopa et al, 1995) do not confirm reduction in 
CD8*ccll numbers. A possible source of controversy is 
the poor correlation between the activity of the 
pathological process and the clinical findings. 

Three-color flow cytometry analysis of peripheral 
blood granulocytes revealed a significantly increased 
expression of CD I la, CD 1 8 and CD54 antigens in the 
MS group compared with the control group. Also, the 
percentage of CDllb'CDl8' granulocytes out of all 
granulocytes in MS patients was significantly higher 
than in controls. There are relatively few available data 
addressing the role of granulocytes in MS pathogenesis. 
The granulocytes participate mainly in a nonspecific 
immune response, as they have no capacity for specific 
antigen recognition. Nevertheless, granulocytes coop- 
erate with a specific response. The chemotactic factors 
(i.e. TNF-/J) can mobilize granulocytes to a place of an 
initiating immune or inflammatory response. The 
hypothesis has been recently set forth that activated 
granulocytes arc suited to modify self-protcins 
(Ludewig, 1993). Modified self-proteins may sensitize 
the immune system or break the immune tolerance, 
which can result in an autoimmune reaction. Thus, 
granulocytes not only effectively eliminate pathogens, 
but damage tissues of the host as well. Our results may 
indicate the presence of activated granulocytes in 
peripheral blood, which can initiate the cascade of 
events leading to the injury of CNS. CDl lb/CD 1 8 is a 



leukocyte intcgrin that plays a critical role in neutrophil 
adhesion and the initiation of acute inflammatory 
responses (Violette et al, 1995). On the other hand, it 
cannot be ruled out that an increased expression 
adhesion molecule, especially CD54 antigen on granu- 
locytes and higher percentage of CDIIb'CDl8-^ 
granulocytes in MS patients, is only a consequence of 
T-ccll stimulation. It is known that stimulated T cells 
generating various lymphokines may participate in 
activation of granulocytes. Neutrophil-endothelial cell 
interactions, making transmigration into tissues possi- 
ble» arc mediated by interacting sets of cell adhesion 
molecules. The firm adhesion of neutrophils to a vessel 
wall occurs via the interaction of CDl lb/CD 1 8 integrin 
to endithelial ligands such as CD54. This binding 
requires an activation of CDl lb/CD 18 by the neutro- 
phil exposure to a variety of activating factors, for 
instance interieukin-8 (Albelda et a/., 1994). CDlIb/ 
CDl 8 is involved in eosinophil endothelial adhesion 
through its counteHigand, CD54 (Horie et al, 1997), 
CD54 is also induced on eosinophils by cytokine 
stimulation. 

The results reported here indicate the presence of 
immune alterations in peripheral blood of MS patients; 
however, further studies arc essential to clarify the 
relationship between these changes and a clinical 
course of MS. More knowledge about adhesion mole- 
cules will provide an insight into mechanisms under- 
lying immune responses and an opportunity to 
manipulate these responses. There is great need to 
establish the utility of measuring levels of adhesion 
molecule expression on peripheral blood leukocytes as 
a means to monitor the immune reactivity and the 
effect of therapy in MS patients. 
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Single Platform Flow Cytometric Absolute CD34+ Cell 
Counts Based on the ISHAGE Guidelines 

Michael Keeney,'* Ian Chin-Yee,* Karin Weir,' Jan Popma/ Rakash Nayar,- 

and D. Robert Sutheriand- 

'The London Health Sciences Centre, London, Ontario, Canada 
-Oncology Research, The Toronto Hospital, Ontario, Canada 



In concert with the International Society of Hematotherapy and Graft Engineering (ISHAGE), we previously 
described a set of guidelines for detection of CDS4+ cells based on a four-parameter flow cytometry method 
(CD45 F1TC/CD34 PE staining, side and forward angle tight scatter). With this procedure, an absolute CD34+ 
count is generated by incorporating the leukocyte count from an automated hematology analyser 
(two-platform method). In the present study, we modified the basic ISHAGE method with the addition of a 
known number of Flow-Count® fluorospheres. To reduce errors inherent to sample washing/centrifugation, 
we implemented ammonium chloride lyse, no-wash no-fix sample processing. These modifications convert 
the basic protocol into a single-platform method to determine the absolute CD34 count directly from a flow 
cytometer and form the basis of the Stem-Kit from Coulter/lmmunotech. A total of 72 samples of peripheral 
blood, apheresis packs, and cord blood were analysed and compared using the ISHAGE protocol with or 
without the addition of fluorescent microspheres. Comparison of methods showed a high correlation 
coefficient (r = 0.99), with no statistically significant difference or bias between methods (P > 0.05). 
Linearity of the absolute counting method generated an value of 1.00 over the range of 0-250/m.I. 
Precision of the absolute counting method measured at three concentrations of CD34+-stabilised KGIa cells 
(Stem-Trol, COULTER®) generated a coefficient of variation (C.V.) ranging from 4% to 9.9%. In a further 
modification of the single-platform method, the viability dye 7-amino actinomycin D was included and 
demonstrated that both viable and nonviable CD34+ cells could be identified and quantitated. Together, 
these modifications combine the accuracy and sensitivity of the original ISHAGE method with the ability to 
produce an absolute count of viable CD34+ cells. It is the accurate determination of this value that is most 
clinically relevant in the transplant setting. These modifications may improve the interlaboratory reproducibil- 
ity of CD34 determinations due to the reduction in sample handling and calculation of results. Cytometry 
(Comm. CI in. Cytometry) 34:6 1 -70, 1 998. © 1 998 Wiiey-Uss, Inc. 

Key terms: ISHAGE guidelines; CD34; 7-AAD; absolute counts 



The CD34 antigen is expressed on 2-4% of normal 
marrow mononuclear cells, and these cells exhibit multilin- 
eage progenitor cell activity in vitro (1-4). Landmark 
studies performed by Berenson et al. (5) demonstrated that 
CD34+ bone marrow cells could reconstitute long-term 
multilineage hematopoiesis in nonhuman primatesrMore 
importantly, it established for the first time that the most 
primitive hematopoietic stem cells are contained within 
the CD34 + fraction. Subsejijuent human studies in patients 
treated with myeloablative chemotherapy have confirmed 
these data (6). 

In normal individuals, low numbers of CD34 + cells can 
be identified in the peripheral blood. These cells can be 
'mobilised" from the marrow into the blood in signifi- 
candy higher nimibers by chemotherapy (7) and/or recom- 
binant cytokines (8), and at the present time mobilised 
peripheral blood stem cell (PBSC) are the preferred 

9 1998 Wiley-Liss, Inc. 



alternative to marrow in the autologous transplant setting 
(9). With this increased use of PBSCs, it has become 
apparent that rapid, sensitive, and reproducible methodolo- 
gies are required for the accurate assessment of the 
engraftment potential of such collections. 

At present, the quantitation of CD34 antigen-positive 
cells by flow cytometry is the preferred method for 
assessing graft adequacy of PBSC collections. Because the 
procedure can be performed in less than 1 h, it is also 
suitable for optimising the timing of apheresis collections 
and for the '* real-time" analysis of such collections. Unfor- 
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tunately, although a number of flow cytometry assays for 
CD34 enumeration have been described (10-15), the lack 
of a standardised method has led to the generation of 
divergent data (16-18). To address this issue, we have, in 
concert with the International Society of Hematotherapy 
and Graft Engineering (ISHAGE), designed a set of guide- 
lines (19) for the accurate detection of CD34+ cells based 
on our previously described four-parameter flow cytome- 
try method (CD45 nTC/CD34 PE staining, side and for- 
ward angle light scatter; FALS) (20). This procedure is very 
sensitive, being capable of detecting 10-20 CD34+ cells 
per 100,000 CD45+ nucleated white blood cells. It is 
highly specific, using appropriate pan-CD45 antibodies 
(that detect all isoforms and glycoforms) and CD34 conju- 
gates (that detect all CD34 glycoforms), is quick and 
simple, and can be performed on a variety of single-laser 
flow cytometers with only basic software being required 
for data analysis. 

In the present study, we modified the ISHAGE protocol 
by including a known number of fluorescent micro- 
spheres, thus converting the flow cytometer into a single- 
instrument absolute CD34+ cell-counting device. In a 
further development aimed at increasing the accuracy of 
the basic method, we incorporated a simple ammonium 
chloride-based lysis step that obviates the requirement for 
washing/centrifugation steps and the use of fixatives. In a 
separate experiment, we incorporated a viability dye into 
the protocol to determine the absolute viable CD34+ cell 
count, arguably the most clinically relevant parameter in 
the assessment of graft adequacy. 

MATERIALS AND METHODS 
Study Design 

Comparison of single platform and dual-platform 
ISHAGE methodology. Over a 5-month period, consecu- 
tive samples from patients at the London Health Sciences 
Centre undergoing peripheral stem cell harvests after 
mobilisation for 5 d with G-CSF (5 |ig/kg) were analysed 
for CD34-i- cells by flow cytometry. A total of 72 samples 
of peripheral blood (n = 35), apheresis packs (n = 31), or 
cord blood (n 6) were studied. All samples were diluted 
to a leukocyte count of less than 20 X 10^/1 when 
necessary. Samples were analysed by the basic ISHAGE 
protocol (two-platform method) and the modified single- 
platform ISHAGE method with the addition of a fluores- 
cent bead (Stem-Kit, described below). 

linearity and precision study. Linearity oLthe abso- 
lute counting method was determined by doubling dilu- 
tions of Stem-Trol KGla ceUs in COULTER® Cyto-Trol® 
control cells in the range of 0-250/^1. Precision of the 
absolute counting method was measured at three target 
points (approximately 25, 125, and 200 CD34+ ceUs/pl) 
by replicate -analysis of Stem-Trol KGla cells in normal 
whole blood. For each level, the same sample was ana- 
lysed eight times. 

Incorporation of a cell viability stain. In a separate 
experiment, the viability dye 7-amino-actinomycin D (7- 
AAD; Molecular Probes, Eugene, OR) was added at a 
concentration of 1 pg/ml to a fresh and aged apheresis 



sample. This dye has been shown to be useful in the 
discrimination of live versus dead cells (21), 

Statistics 

Comparison between results for absolute number of 
CD34+ cells using basic ISHAGE and the modified single- 
platform ISHAGE protocol with Stem-Kit was done by 
using Spearman correlation and the Wilcoxon signed rank 
test for nonparametrically distributed data (SigmaStat, 
Jandel Scientific. San Rafael, CA). A bias plot (22) was also 
used for method comparison. 

Antibodies and Kits 

Basic ISHAGE method. For samples analysed with the 
basic ISHAGE method, cells were stained with a fluores- 
cein isothiocyanate (FITC) conjugate of a CD45 antibody 
(clone J33, Coulter/Immunotech) (23) that detects all 
isoforms and glycoforms of the CD45 antigen family (19), 
and a R-phycoerythrin (RPE) conjugate of a CD34 antibody 
(clone 581, Coulter/Immunotech, Marseilles, France) (24) 
that detects a class III epitope on all glycoforms of the 
CD34 antigen (4,19). Control samples were stained with 
CD45 FITC and an IgGlPE isotype. All antibodies were 
used at the manufacturer s reconmiended concentration 
after verification of reactivity in house. 

Stem-Kit. The Coulter/Immimotech Stem-Kit is de- 
signed to identify CD34-I- ceUs by using ISHAGE guidelines 
criteria (19). The prototype kit used in the present study 
contains CD34 PE (clone 518) and CD45-FITC (clone J33) 
monoclonal antibodies in a single vial and Flow-Count 
fluorospheres for determination of the absolute count of 
CD34+ cells in human blood and blood-derived samples 
by single-instrument-platform flow cytometry. In this modi- 
fication of the basic ISHAGE method, a known volume and 
accurately assayed concentration of Flow-Count fluoro- 
spheres are added to an equal volume of the patient's 
blood sample. This establishes a ratio of fluorospheres to 
volume of sample. Because the concentration of the 
fluorospheres is known, the absolute coimt of the CD34+ 
cells can be calculated. The Stem-Kit also contains a novel 
CD45-FITC/CD34 (ISOCLONIC) control to enumerate non- 
specificafly stained events. In this control, unconjugated 
CD34 antibody is present in large excess to block specific 
staining of PE-labelled CD34 present at the same concentra- 
tion as the test (12). In addition, Stem-Kit also includes 
Stem-Trol Control Cells. These are KGla cells that have 
been modified to present the 581/CD34 and J33/CD45 
epitopes at densities similar to those found on normal 
CD34+ hematopoietic cells (25). 

Sample Preparation 

Basic ISHAGE method. For each patient sample, four 
12- X 75-mm tubes were labelled; 45/34 (nos. 1 and 2), 
WASH (no. 3), and 45/IgG (no. 4). Two miUitres of 
Dulbecco's phosphate-bufifered saUne (DPBS; Gibco BRL, 
Grand Island, NY) were added to the WASH tube, and 
exactly 100 pi of the well-mixed blood/apheresis sample 
were added to the bottom of the other tubes by using a 
repeater pipette (Eppendorf 4780, Brinkmann Instruments 
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Ltd.. Mississauga, Canada). Leukocyte counts were deter- 
niined on a Coulter STKS hematology analyser. If neces- 
vir>'. samples were diluted in DPBS to attain a leukocyte 
count (LKC) of <20 X 10^/1. Ten microlitres of CD45 FITC 
and lt> M* CD34 PE were added to the first two tubes. Ten 
microhtres of CD45 HTC and 10 pL PE IgGl isotype 
control were added to the founh tube. All tubes were 
incubated at room temperature for 1 5 min in the dark and 
then 2 ml ammonium chloride (Ortho-mune, Ortho Diag- 
nostic Systems, Markham, Ontario) were added to lyse red 
blood cells. All tubes were gently vortexed and incubated 
at room temperature for 10 min in the dark, washed twice 
in DPBS (5 min at 500^), and resuspended in 1 ml DPBS. 
Samples were then stored on ice at 4°C in the dark and 
analysed by flow cytometry within I h. 

Stem-Kit. For the absolute counting method, samples 
were prepared exactly as described in the previous section 
tor tubes I and 2, with the exception that 20 pi of CD45 
F1TC/34PE combined reagent were added. For the control 
tube (no. 4), 20 pi of CD45 FITC/ISOCLONIC control 
reagent were added to the cells. After ammonium chloride 
lysis, the cells were not washed; instead, 100 pi of 
COULTER Flow-Count Fluorospheres were added to tubes 
1, 2, and 4 (using the same repeater pipette used for 
sample aliquoting). All samples were kept in the dark until 
the time of analysis (always within I h) and were gendy 
vortexed immediately prior to analysis. 

Gating Strategy 

Basic ISHAGE protocol (Fig. la,b)- Flow cytometric 
analysis was performed on a Coulter EPICS® XL-MCL. 
Alignment and calibration was performed daily by using 
Coulter Flow-Check® and Flow-Set® fluorospheres. Com- 
pensation was checked visually with each run and ad- 
justed by using Coulter CYTOCOMP® cells when re- 
quired. Seventy-five thousand CD45+ events were 
collected on histogram 2, with a minimum count of 100 
events in region (R) 4 on histogram 4. Region 5 on 
histogram 1 was set precisely to include only lymphocytes 
(bright CD45, low side scatter) and displayed on histogram 
6 (FALS vs. side scatter). This helps to establish the 
minimum size range for the lymph-blast region (R4, 
histogram 6). Events such as platelets and other nonspecifi- 
cally stained debris, if present, can be excluded. This 
region also helps to confirm that the FALS discriminator 
and FALS detector volts/gain are adequately set. The 
discriminator (or forward scatter threshold) was set-to 
ensure that even the smallest CD45+ lymphocytes" scat- 
tered above it. FALS volts/gain were adjusted so that the 
smallest lymphocytes scattered around channel 200 of a 
1,024 X 1,024 linear dot histogram. After determining the 
appropriate discriminator setting, Rl was positioned on 
histogram 1 to include all CD45+ events. The lower 
extremity of Rl was set low enough to include all dim 
CD45+ events (using histogram 5 as a guide). Histogram 5 
(CD34-PE vs. CD45-FITC staining) helps to establish the 
lower limit of CD45 expression such that potential CD34+ 
cells (that express low levels of CD45) are not excluded. 
Histogram 2 was gated on Rl. Region 2 was adjusted to 



include ail dim and bright CD344- events with low/ 
intermediate side scatter. Histogram 3 was gated on Rl and 
R2. It is on this histogram that a cluster of cells appear, 
characterised by dim CD45 staining relative to lympho- 
cytes and low side scatter. Region 3 was created as an 
amorphous region to best delineate the true CD34+ cells 
from other events. Histogram 4 is gated on the cumulative 
regions 1-3. The number of events in R4 is usually similar 
to that found in R3, but, if present, small platelet aggre- 
gates that stain weakly with both CD45 and CD34 (and are 
thus included in R3) can be excluded from R4 on the basis 
of light scatter. Both test (Fig. la) and control (Fig. lb) 
samples were analysed. A DPBS blank (tube 3) was run 
between the duplicate test (tubes 1 and 2) and the control 
tube (tube 4). The result from the two test samples was 
averaged, and the number of control IgG PE events was 
subtracted from the average CD34-I- events. For apheresis 
packs, this result was multiplied by the LKC and the pack 
volume in litres to give absolute CD34+ cells X lOVpack. 
Basic ISHAGE protocol calculations. 

{laverage #CD34+ (R4)]| - Isotype control (R4) 
((average CD45+ Events Counted (Rl)) 

X LKC (X 10^/L) X 1000 

CD34+ = _ X 10^/L 

Coulter® Stem-Kit analysis (Fig. 2a,b). Histograms 
1-6 were done with the basic ISHAGE method. Histogram 
7 displays Flow-Count beads on FL3 versus time. Region 6 
is set to include only single-bead events, as recommended 
by the manufacturer. FL3 high voltage should be adjusted 
to ensure that both single- and double-bead populations 
are visible. On the Coulter EPICS XL-MCL, R6 is defined as 
a CAL region to allow automatic calculation of absolute 
numbers of CD34+ cells. 

Histogram 8 displays Flow-Count beads versus forward 
scatter, and an amorphous R7 is drawn to include all 
Flow-Count beads. By gating histogram 1 as all events 
"-R7" on a Coulter XL instrument, a calculation of absolute 
LKC (CD45+ events) can be derived from Rl. On Becton 
Dickinson FACS instruments, histogram 1 can similarly be 
displayed as all events minus R7 events (gate 1 = not R7 
and Rl), and the gate statistics for gate 1 (Gl) displays total 
CD43+ events. The result from the two test samples are 
averaged, and the number of events in R4 stained with the 
isoclonic control is subtracted from the average CD34+ 
events- 

Coulter Stem-Kit: Calculation of Absolute C034+ Cells 

For blood or cord samples that have not been diluted, 
the absolute count can be taken directly from R4 on a 
Coulter EPICS XLAl-MCL flow cytometer. The absolute 
count is expressed as number of cells X lOM- For 
instruments that do not automatically calculate the CD34 



ilMIHMHn 'VI ' fl up I >■ milHii 



KEENEY ET AL 




FlK ZD004207.LMO 



R1 


H1+R2 


8- 

2- 


RUR2+H3 


a«»d 

Q«t* 


EvMin: 7S0U 
Evwita XGMkd 








01 


7S0tT 100.00 






§- 




G2 


•11 1.21 








03 


B9S 1.10 




R3 


I- 
1- 


B4 ^ ^ 


04 

OS 


SM 1.1* 
10204 13.00 



° Apharesis pack 

" (CD34/CD45) 



Abs CD34-f cells 
=151 X 10E6 




C046RTC 




fll 


R1+R2 


i- 
r 


R1+R2+R3 






1 






RS 








O 


1- 

1- 


^^^^^^^^^^ 



900 aoo 1000 




FBk 2[X)643tW.LMO 
Acqu(rtk»n Data: 2*,luJ^7 
Qitod&wm: 7G01« 

Gata Evantt t Qttad 

Gl 75019 t00.00~ 

02 9 0.01 

03 1 0.00 

04 1 0.00 

05 10096 1X4e 



Apheresis pack 
(jsotype/CD45) 



Fig. L Basic ISHAGE gating strategy on an apheresis sample (a) CD45 FITC/34 PE and (b) CD45 
FITC/lgGl PE. Listmode data collected on a Coulter EPICS XL were analysed with Cellquest software 
(Becton Dickinson). 




Fig. 2. Stem-kit gating strategy with (a) CD45 FITC/34 PE and (b) CD45 FITC/isoclonic control. 
Data collection and analysis were performed as described for Figure 1. 



SINGLE-PLATFORM COUNTS 
jhsolutc number, the formula is as follows: 

.Xbs*)lute Count (cells/^,0 

Number of CD34+ cells X Fluorosphercs Concentration 
Number of Fluorosphercs 

llic number of CD34 cells counted is R4. The number of 
fluorospheres counted is R6. The assayed Flow-Count 
Fluorosphere concentration is from the vial label. If the 
sample has been diluted before staining, the final answer 
must be multiplied by the dilution factor. To obtain the 
jhsolute CD34+ cell number per apheresis pack, the 
absolute count per microlitre obtained is multiplied by the 
dilution factor, the volume of the pack (in litres), and by 
10*^ (to convert cells/iul to cells X loVpack). 

Cell Viability 

In a separate experiment, the viability dye 7-AAD was 
added at a concentration of 1 pg/ml to a fresh and aged 
apheresis sample. A stock solution of 100 pg/ml in 
methanol was diluted 1:100 by adding 20 iiL of the 7-AAD 
to the sample immediately after the addition of 2 ml 
ammonium chloride lysLng solution. Samples were ana- 
lysed after 15 min of incubation, with 7-AAD being 
detected in the fourth PMT of the Epics XL flow cytometer. 
This allows not only a direct assessment of absolute 
number of CD34+ cells but also discriminates between 
viable and nonviable CD34+ cells. 

RESULTS 

Linearity and Precision of Absolute Counting 

Linearity of the single platform absolute counting method 
was determined by doubling dilutions of Stem-Trol KG la 
control cells in Cyto-Trol lyophilised blood cells, over the 
range of 0-250/pl (Fig. 3)- (Cyto-Trol was found to contain 
2 CD34+ cells/|Lil, and this value was subtracted from the 
results obtained from the titration of Stem-Trol cells.) In 
these experiments, a minimum of 4,000 Flow-Count fluoro- 
sphercs were collected on each duplicate analysis. The 
results of the duplicate analyses generated an R- value of 
1.00. 

Precision of the absolute counting method was mea- 
sured at three target points (approximately 25, 125, and 
200 CD34+ ccUs/mO by replicate analysis of KG la cell§ in 
normal whole blood. For each concentration of Stefh-Trol 
KG I a cells, the sample was analysed eight times (Table 1). 
The coefficient of variation (C.V.) of replicate analysis 
varied from 4% to 9.9%. 

Comparison of Single- Versus Dual-Platform Analysis 

The correlation coefficient was 0.99, with the 72 paired 
patient samples indicating an excellent correlation be- 
tween the two methods of analysis (Fig. 4). The Wilcoxon 
signed rank test showed that there was no statistically 
significant difference between the two methods CP > 0.05). 
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Fig. 3. Linearity of Stem-Tro! control cells diluted with Cytro-Trol 
lyophilised cells over the range of 0-248/CD34+ cells/p.!. 



A Bland-Altman plot (Fig. 5) shows the majority of data 
points distributed randomly around the mean of the two 
methods. A few points fell outside the 2 S.D. range, 
particularly in the higher values. 

Absolute Counting of Viable CD34+ Cells 
Using Single-Platform Methodology 

Figure 6 shows the results of an experiment in which 
the absolute CD 34+ cell count was determined on a fresh 
diluted apheresis sample and an aliquot of the same 
sample after 5 h on the laboratory bench. In this analysis, 
histogram 8 has been replaced by a 7-AAD versus side 
scatter analysis as detected in the fourth fluorescence PMT 
of the XL Flow Cytometer. The fresh apheresis pack 
contained a total of 352 X 10^ CD34+ cells (Fig. 6a). The 
aged sample was analysed in the same manner except that 
the vital dye 7-AAD was added to separate viable cells from 
dead or dying cells. Analysis of this sample without taking 
into account the presence of the viability dye (Fig. 6b) 
revealed the same number of CD34+ cells as was deter- 
mined on the fresh sample (Fig. 6a). However, as can be 
seen from the light scatter characteristics of the cells from 
the aged sample (R4), the single cluster of CD34+ cells 
identified in the fresh sample (Fig. 6a) had separated into 
two partly overlapping subsets in the aged sample (Fig. 
6b). When the same listmode tile was analysed by includ- 
ing in R7 only 7-AAD- (viable) cells (Fig. 6c), the absolute 
number of viable CD34+ cells was reduced by approxi- 
mately 50% to 171 X 10^. This cluster of viable cells 
retained the same light scatter characteristics as the viable 
cells in the original analysis (Fig. 6a). By moving R7 to 
include only 7-AAD + cells (Fig. 6d), the remaining nonvi- 
able CD34+ cell population was found to be 181 X 10^. 
These events formed a cluster characterised by lower FALS 
and slightly increased side scatter, typical of dead or dying 
CD34+ ceUs. 

Figure 7 shows an example of the use of Flow-Count 
absolute coimting beads with 7-AAD on an apheresis 
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Table 1 
Precision Study 



Expected 


n 


Minimum 


Maximum 


Mean 


S.D. 


C.V. (%) 


25CD34+/jxL 


8 


22 


28 


25.4 


2,5 


9.9 


125CD34+/mlL 


8 


110 


139 


125 


10 


8 


212CD34+/ixL 


8 


180 


203 


193 


8 


4 




Basic ISHAGE Protocol 



FtG. 4. Comparison of basic ISHAGE method to the ISHAGE with 
Flow-Count method. 



o 40 - 



= -10 



mean 
+2sd 



of diff 
(bias) 



mean 
-2sd 



0 100 200 300 400 

mean of methods (ISHAGE & ISHAGE + Flow Count) 

Fig. 5. Bland-Altman plot displaying differences of methods against 
their mean. 



sample analysed on BD FACScan instrument. Histograms 
1-6 were set as described for the Coulter XL instrument 
with CD45 and CD34 staining detected in channels FLl 
and FL2, respectively. In contrast to the^ Coulter XL 
instrument, Flow-Count beads are detected on the FACS- 
can at forward scatter levels lower than that exhibited by 
lymphocytes. Consequently, as shown in plot 7, the 
forward scatter threshold of the FACScan has to be 
lowered below that of lymphocytes, and the FL3 gain is 
lowered ahtU the cluster of singlet beads (R6) can be 
distinguished on a FL3 versus forward scatter histogram. 
At these PMT settings, 7-AAD+ events are still easUy 
detectable and can be gated (R7) for exclusion from 
further analysis. This is accomplished by setting logical 
gate (Gl) = not R7 and Rl. Histograms 5 and 6 are also 
logically gated as depiaed to exclude the dead cells from R7. 



DISCUSSION 

The enumeration of CD34+ ceUs by flow cytometry is 
currently the most widely employed clinical method to 
evaluate the engraftment potential of peripheral blood 
stem cell collections. Clinical experience suggests that the 
reinfusion of approximately 2 X 10^' CD34+ cells per 
kilogram body weight is generally sufficient to produce 
prompt and sustained engraftment (9). Despite the prolif- 
eration of flow cytometric methods (10-20), analysis of 
rare events such as stem cells presents a challenge to the 
flow cytometry laboratory [reviewed in (26)]. Several 
interlaboratory surveys undertaken in different continents 
have described an alarming lack of reproducibility for a 
given CD34 result (16-18). A reduction in the number of 
variables present in the test is required if inter- and 
intralaboratory comparisons are to achieve greater concor- 
dance. 

Until recently, absolute CD34+ cell counts were gener- 
ally derived from so-called two-platform analysis in which 
the percentage of CD34-h cells are first enumerated by 
flow cytometry against a denominator of total nucleated 
ceUs (10,12,14,15) or total CD45+ ceUs (1349,20). This 
percentage of CD34+ ceUs is then multiplied by the LKC 
derived from an automated hematology analyser to gener- 
ate the absolute CD34+ ceU count. ScKralled single- 
platform methods reduce variability by eliminating the 
need for the cell count from an automated analyzer. 

By mixing a known amount of fluorescent microbeads 
with a stained blood sample, the absolute cell count can be 
derived directly from the flow cytometer by measuring the 
ratio of beads and the CD34+ cells in a sample. Absolute 
count single-platform methods have been described for 
CD4/CD8 enumeration (27,28) and CD34 (29,30). In the 
present study, we modified the basic two-colour ISHAGE 
protocol (19) by adding Flow-Count microspheres to 
generate an absolute count. Comparison of the basic 
ISFL^GE protocol with the single-platform ISHAGE proto- 
col showed a high degree of concordance over a wide 
range of CD34 counts (correlation coefficient r = 0.99). A 
Bland-Altmann plot did not reveal significant bias. Linear- 
ity and precision of the absolute counting method was also 
confirmed over a range of target CD34 values. 

This modification of the basic ISHAGE protocol com- 
bines the accuracy and sensitivity provided by the sequen- 
tial gating strategy at the heart of the original method with 
the simplicity of absolute counting on a single-instrument 
platform. A similar approach is used in the ProCOUNT kit 
by Becton Dickinson (29.30), which uses CD34 and CD45 
antibody conjugates alongside a nucleic acid dye to sepa- 
rate nucleated leukocytes from other events and debris in 
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Fig. 7. Stem-Kit and 7-AAD on a fresh peripheral blood sample run on 
a BD FACScan. The threshold setting on forward scatter {histogram 7. 
bottom left) is set beiow that of the lymphocyte population to ensure 
beads are not excluded from analysis. 



a lyse-nowash protocol. In contrast to the ProCOUNT kit, 
however, this modified ISHAGE protocol retains the flex- 
ibility of our original method because the addition of the 
bead requires only two of the three (or four) fluorescence 
channels of a typical clinical flow cytometer, as the beads 
can be detected and enimierated in any fluorescence 
channel. The remaining fluorescence detectors are thus 
available for other analytical purposes such as qualitative 
analysis of the CD34+ ceU fraction using additional 
antibody conjugate(s) or the inclusion of live;dead cell 
discriminator dyes (31,32). Because the present study was 
conducted on a Coulter XL with four fluorescence detec- 
tors, beads were displayed as a separate histogram on FL3 
for convenience. . 

The feasibility of such an approach is illustrated by the 
addition of 7-AAD, a G-C base-pair specific DNA intercala- 
tor, as a dye for detection of nonviable ceUs. By combining 
the modified single-platform ISHAGE method with 7-AAD, 
we were able to detect the absolute number of viable and 
nonviable CD34-I- cells. The ability to distinguish dead 
non-CD34+ cells that have been nonspecifically stained 
and dead CD34+ cells from viable, bona fide CD34+ cells 
is of potentiaUy great clinical importance. Although the 
cumulative gating strategy used in the ISHAGE method is 
highly efficient at excluding nonspecifically stained non- 



CD34+ cells from the analysis (26,32,33), detection of 
aonviable CD34+ cells presents a more formidable prob- 
lem, Schmid et al. (2 1) were the first to describe the use of 
7-AAD as a dye for detection of nonviable cells by 
demonstrating that difi'erent subsets of thymocytes under- 
going apoptosis could be visualised by using this dye and 
multivariate analysis. Owens and Loken (14) described the 
use of 7-AAD in CD34 analysis as a means of excluding 
nonviable ceUs from subsequent CD34 analysis. However, 
they did not extend this to the use of the viability dye to 
look at viable versus nonviable CD34+ cells. Our modified 
methodology has a number of clinical applications includ- 
ing an ability to assess the viability of selected CD34+ cell 
fractions after purging (to remove for example residual 
tumor ceUs) or the analysis of postcryopreservation 
samples, procedures that may adversely affect the yield 
and viability of CD34-h fraction. 

The original ISHAGE protocol could be performed on a 
variety of flow cytometers. As described in detail above, 
minor modifications to the FACScan instrument settings 
are required, and the logical gate definitions are estab- 
lished to exclude the 7-AAD + events from further analysis. 
Although not formaUy tested herein, it should also be 
possible to perform similar analysis on the dual-laser BD 
FACSCALIBUR instrument and a variety of conmiercially 
available cell sorters. 

Other benefits of including an internal reference bead in 
single-platform methods in a three- (or four ) color analysis 
is that the CD45 positivity is no longer used as a denomina- 
tor in the calculation of absolute CD34+ ceUs. Thus, 
controversial issues such as "what is the true denomina- 
tor," nucleated LKCs (CD45+ events), or total nucleated 
cells (DNA dye + events) (29) can be avoided. Instead, the 
CD45 expression is used solely as part of the sequential 
gating strategy to identify accurately bona fide CD34+ 
cells. Moreover, the operator does not need to be con- 
cerned about correction for the presence of nucleated red 
blood cells (that express little or no CD34 and CD45) and 
platelet aggregates that may be counted as ' leukocytes" 
by some automated hematology analysers currently in use. 

It is interesting to note that, in the present study and 
those previously cited (27,28), although excellent correla- 
tion has been found, there are differences between some 
individual samples. Accurate dilution of the blood or 
apheresis pack is essential in any flow-cytometry-based 
absolute counting method because the final result is 
multiplied by this dilution factor. In addition, when 
examining apheresis packs, the LKC may vary signifi- 
cantly, requiring a haematology analyser to determine the 
initial count before dilution. Failure to dilute the sample 
into an appropriate range (<20 X lOM) may result in poor 
sample staining due to nonsaturating conditions for the 
monoclonal antibodies. Precise pipetting of sample and 
fluorospheres is also essential because the absolute count 
is dependent on an accurate measurement of CD34+ cells 
and fluorospheres. In the present study, a positive displace- 
ment pipette was used for both patient sample and beads. 
Nicholson et al. (28), by using TruCount tubes (Becton 
Dickinson) that contain a premeasured number of lyophi- 
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list d beads to determine lymphocyte subsets, found good 
*.producibility with the single-platform method, with 
'^sults higher than those obtained by the conven- 

onal tw(hp!atform method, suggesting a potential bias. 
Ilic use of a Bland-Aitman-type bias plot is strongly 

commended when analysing these types of data because 
orrclation and regression analysis do not provide suffi- 
cient resolution (22). 

Hie inclusion of a stabilised suspension of the Stem-Trol 
control KG la cell line in the Stem-Kit at a known concen- 
(ratit>n is useful in determining and monitoring the accu- 
nio' of the pipetting steps of this method. In addition, 
fxrcause this control material can be diluted in peripheral 
blood, it can also be used as a "process control * undergo- 
ing staining and lysis exactly as performed on the test 
samples. Because the stabilised KG la cells have been 
engineered to express CD34 and CD45 antigens at levels 
comparable to antigens of normal CD34+ cells (25), their 
staining pattern with respect to CD34/CD45 reagents can 
t>e used as an extra internal control to ensure that the FLl, 
FL2, and light scatter parameters of the cytometer are 
adequately set. 

The use of appropriate fluorochromes and monoclonal 
antibodies is also very important in protocols using lyse-no- 
wash sample preparation. Regarding the CD45-FITC re- 
agent, stained lymphocytes should at least reach the third 
decade of the four-decade log amplifier. At the appropriate 
amplifier gain setting, there is excellent discrimination 
between true CD45+ and CD45- events when using this 
reagent. Other conjugates may not give this level of 
resolution (unpublished observations). As can be seen in 
Figures 1, 2, and 6, there is a two-decade log shift between 
CD45- events and the lymphocyte cluster, allowing clear 
discrimination of a cluster of true CD34+ cells that 
express only dim levels of CD45, As detailed in the ISHAGE 
guidelines (19) and elsewhere (26,34), CD34 antibodies 
detecting class III epitopes (4) appear to be the most 
reliable reagents for routine CD34+ cell determinations in 
both normal and abnormal samples by flow cytometry. 

Samples processed for two-platform methodologies gen- 
erally include washing/centrifugation steps that can lead 
to the differential loss of specific leukocyte subsets (35). 
Some red cell lysing reagents contain fixatives that affect 
the fluorescence intensity of cells stained with fluoro- 
chrome-labelled monoclonal antibodies (12,36). Further- 
more, .different lysing reagents can have unpredictable 
effects on the light scatter properties of cells. The use of-an 
ammonium chloride lyse-no-wash sample preparation elimi- 
nates the potential loss ;of cells and/or beads through 
washing/centrifugation. Moreover, the use of ammonium 
chloride neither unduly affects the light scatter characteris- 
tics of the cells nor appears to alter the stability of 
antibody:antigen interactions if samples are analyzed within 
1 h of preparation. 

Stem-Kit does not use an isotype control but rather a 
mixture of conjugated and imlabelled CD34 antibody to 
enumerate nonspecifically stained events. However, given 
the selectivity of the sequential gating strategy used in this 
protocol, which takes into account both positivity and 



intensity of antigen expression, it is likely that the iso- 
c Ionic control may also be redundant. In this set of data, 
only three samples exhibited background staining with 
the isoclonic control above I /pi. 

In summary, adding a known number of fluorescent 
beads to the ISHAGE protocol allows the determination of 
absolute CD34 counts without the added variable of a 
haematology analyser. Comparison of the basic ISHAGE 
protocol with the Stem-Kit absolute counting modification 
showed excellent correlation and agreement. The latter is 
rapid (processing time is approximately 35 min, including 
acquisition and analysis), simple, and highly accurate, 
thereby making it suitable for the clinical laboratory. This 
modification combines the flexibility of the original ISHAGE 
method, including the ability to add a viability dye to the 
analysis of autografts that have been purged, frozen, or 
otherwise manipulated, a feature not possible in other 
currently available absolute coimting methods. The interin- 
stitutional reproducibility of CD 34 results by flow cytomet- 
ric methods will require standardised instrument set-up 
calibration and protocols in addition to standardized 
analysis of samples. In this regard, the efforts and experi- 
ence of our European colleagues related to instnunent 
standardization (37) and workshop approach to sample 
preparation and analysis (15) should not be overlooked. 
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Introduction 

The neutrophilic granulocyte is the most numer- 
I pus leukocyte in peripheral blood. The neutrophils 
|- are part of the first line of defense against invading 
I JTiicroorganisms and are unique among cells by pos- 
l^essing four types of exocytosable storage organelles 
l^urophil-, specific-, and gelatinase granula and se- 
cretory vesicles) (Borregaard and Cowland, 1997). 
Ifach of these exocytosable organelles is character- 
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ized by its specific content of enzymes and antimi- 
crobial proteins which are used by the neutrophil to 
exert its different biological functions (Borregaard 
and Cowland, 1997). The three granule types and the 
secretory vesicles are formed sequentially during 
granulopoiesis in the bone marrow and their appear- 
ance can be used to mark the stage of neutrophil 
differentiation (Borregaard and Cowland, 1997). The 
maturation of the neutrophil is also characterized by 
a gradual condensation of the nucleus which, in 
combination with the cellular granulation, results in 
distinct morphologies of the different neutrophil pre- 
cursors. These maturation-associated changes of the 
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morphology are accompanied by the sequential ap- 
pearance of transcripts for granule and membrane 
proteins and a concomitant synthesis of their cognate 
proteins (Borregaard and Cowland, 1997; Cowland 
and Borregaard, 1999). 

The study of granulocytic cell differentiation is 
important as it allows one to investigate (a) the 
regulation of maturation -associated gene expression 
and protein synthesis, (b) the intracellular targeting 
and sorting mechanisms that enables the neutrophil 
to specifically direct and store its different granule 
proteins into only one or a few of the four exocy- 
tosable organelles, and (c) the cellular mechanisms 
that are corrupted in those forms of acute myeloid 
leukemia (AMLs) that are characterized by the accu- 
mulation of immature neutrophils. 

No human myeloid cell line can faithfully repro- 
duce the entire process of neutrophil maturation. 
Although cell lines such as HL-60 (Breitmann et al., 
1980) and NB4 (Lanotte et al.» 1991) can be induced 
by retinoic acid to form morphologically mature 
PMNs, they lack specific- and gelatinase granula 
(Johnston et al., 1992; Khanna Gupta et al., 1994; 
Khanna Gupta et ai., 1996) and thus cannot be used 
to outline the terminal differentiation of neutrophils. 
For such purposes, neutrophil precursors from hu- 
man bone marrow are required. This review de- 
scribes different methods for isolation of neutrophil 
precursors from bone marrow and the use of these 
cells for the study of mRNA and protein synthesis. 

2. Isolation of neutrophil precursors from bone 
marrow by density centrifugation 

2,1. Separation of blood cells by density centrifuga- 
tion 

Preparation of leukocytes from peripheral blood 
by FicoU-Isopaque (e.g., Lymphoprep", Nycomed 
Amersham) density centrifugation is a technique em- 
ployed by many laboratories working with mononu- 
clear cells and granulocytes. This method relies on 
the differences in buoyant density between mononu- 
clear leukocytes (monocytes and lymphocytes have a 
density < 1.077 g/ml) and granulocytes (which have 
a density > 1.077 g/ml) (Olofsson et al., 1980). In 
the density gradient, the cells will sediment to the 



position where the density of the surrounding media 
is equal to the density of the cells. In the case where 
a separation media with a fixed density is used, this 
media will function as a density barrier. This means 
that cells with a density below that of the separation 
media will be stopped at the interface between the 
cell suspension and the separation media while cells 
with a higher density will sediment through the 
media and can be recovered as a pellet. As Ficoll- 
Isopaque has a density of 1.077, centrifugation of 
peripheral blood cells in this media will result in a 
band at the border between the cell solution and the 
separation media containing the mononuclear cells 
and a pellet containing neutrophils and erythrocytes 
(Boyum, 1968). 

Maturation of granulocytes is accompanied by a 
progressive increase in the density of the neutrophil . 
precursors (Olofsson et al., 1980). This is probably a 
direct consequence of the increased granulation ofi; 
the cells (Winqvist et al., 1982; Sitar and Fomasari, 
1989), a notion that is sUrengthened by observing thai 
day-6 retinoic-acid-induced HL-60 cells, which re-^; 
semble fully mature PMNs except for their lack ofJ 
specific- and gelatinase granula (Khanna Gupta et ;; 
al., 1996) sediment in a Percoll gradient at a density 
< 1.072 g/ml (Martin et al., 1990) in contrast to'l 
PMNs from blood which have a buoyant density of 
> 1.080 g/ml (Olofsson et al., 1980). This relation- 
ship between the maturity and density of the neu:: 
trophil precursors means that different populations of .; 
neutrophil precursors can be isolated by density cen-^ 
trifugation in a manner analogous to the methods ■ 
used for isolation of leukocyte subgroups from per.;.: 
ripheral blood. 

Although media such as albumin has been used ; 
for density separation of bone marrow cells (Short- 
man, 1968; Moore et al., 1973), Percoll*;:; 
(Amersham-Pharmacia Biotech, Uppsala, Sweden) ; 
has been found to be the gradient medium of choic^ ■: 
due to its ease of handling and the reproducibility of :i 
the separation profiles. Percoll contains:; 
polyvinylpyrrolidone coated silica beads and is veiy-; ^_ 
suitable for density centrifugation of cells as th^ ij 
medium is non-toxic, can be acljusted to physio^; :; 
logical ionic strength and pH, and is iso-osmotic-j 
throughout the gradient (Pertoft et al., 1978). Both/v 
continuous (Uyesaka et al., 1989) and discontinuoaS:| 
two-layer (Borregaard et al., 1995) Percoll gradiei^^| 
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;: have been used for isolation of neutrophil precursors 
ii firom human bone marrow. 

2.2. Isolation of neutrophil precursors from bone 
marrow on a continuous Percoll gradient 

Separation of white blood cells from human bone 
gmarrow on a continuous Percoll gradient (density 
|g range: 1.030-1.110) and subsequent collection of 
:|- 0.5-ml fractions from the bottom of the tube could 
I resolve neutrophil precursors into five populations 
I:; (Olofsson et al., 1980): myeloblasts (peak concentra- 
l -tion (px.) at the density 1.064 g/mlX promyelocytes 
(these cells had a bimodal distribution with peak 
levels at 1.066 and 1.076 g/ml), myelocytes (p.c. at 
1.076 g/ml), metamyelocytes (p.c. at 1.079 g/ml), 
|: and mature neutrophils (p.c. at 1.086 g/ml). How- 
rever, a considerable overlap between the five cell 
|;:; populations was observed due to heterogeneity in the 
: density of the different neutrophil precursors. For 
;;;; this reason, the highest purity obtained in a single 
:: fraction was 20.8% for myeloblasts, 14.2% for 
;:. promyelocytes, 40.0% for myelocytes, 27.3% for 
metamyelocytes, and 87.7% for mature granulocytes. 
1; Although these data clearly demonstrate that neu- 
trophil precursors can be separated on the basis of 
I density, the considerable overiap between the five 
I cell populations and the fact that an 1 Mayer Percoll 
|; gradient had lo be made in order to form the continu- 
|:bus gradient after centrifugation (Olofsson et al., 
i;i:1980) renders this technique somewhat difficult to 
|use in practice. To our knowledge this separation 
i;i;technique has not been used for the isolation of 
i: immature neutrophils for biochemical studies. 

ill of neutrophil precursors from hone 

^^jnarrow on a two-step discontinuous Percoll gradi- 

■ ili;^:^ ent 



Separation of neutrophil precursors can also be 
achieved on a discontinuous Percoll gradient. By 
r using two separation media of different densities, 
I two density barriers are introduced (one between the 
|cell solution and the light Percoll medium and one 
between the light and heavy Percoll media). We have 
used this technique to fractionate bone marrow de- 
:>nved cells of the neutrophil lineage into three cell 
j:: populations consisting of early immature, late imma- 



ture, and mature neutrophils, respectively (Bor- 
regaard et al., 1995). This method, which is very 
reproducible and easy to handle, has been u.sed with 
.success for both immunocylochemical staining (Bor- 
regaard et al., 1995; S0rensen et al., 1997; Volck et 
al., 1998) biosynthesis studies (Borregaard et al., 
1995; S0rensen et al., 1997; Amljots et al., 1998), 
and transcriptional analysis of human neutrophil pre- 
cursors (Cowland and Borregaard, 1999). The same 
separation protocol has also been used for isolation 
of neutrophil precursors from rabbit bone marrow 
(Zarember et al., 1997). The method is described in 
detail below. 

2.3. L Isolation of leukocytes from bone marrow 

Bone marrow cells were obtained by aspiration 
from the posterior superior iliac crest of healthy 
volunteers. The 20-ml syringe used for aspiration 
was preloaded with 5 ml sterile ACD (25 mM 
sodium citrate, 126 mM glucose) and 15 ml bone 
marrow was aspirated into the syringe. The cell 
suspension was transferred to a 50-mI Falcon® tube 
(Becton Dickinson, NJ, USA) and an equal volume 
of 2% Dextran T-500 (Amersham- Pharmacia 
Biotech) in 0.9% NaCl was added to induce sedi- 
mentation of erythrocytes. Following sedimentation 
(15-20 min), the clear supernatant containing leuko- 
cytes was removed and the cells recovered by cen- 
trifugation (200 X g for 10 min at room temperature). 
The pellet was resuspended in 54 ml PBS (4'*C) 
which was added slowly while vortexing the tube at 
medium speed. The cells were kept on ice until used. 

2.3.2. Preparation of the Percoll gradient 

Six 50-ml Falcon tubes were required for the 
density centrifugation. Each tube was filled with 9 
ml Percoll media with a density of 1,065 g/ml (for 
preparation of Percoll media of different densities — 
see below). This media was carefully underiayered 
with 9 ml Percoll media with a density of 1.080 
g/ml by the use of a syringe with a 14-G needle 
attached — a shaip line between the two Percoll 
media must be visible for the gradient to be usable. 
The tubes were kept on ice until used. 

2.3,3. Percoll centrifugation 

Nine milliliters of bone marrow leukocytes sus- 
pended in PBS was layered very gently on top of 
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Fig. I. Schemalic drawing of the principle of Percoll centrifuga- 
lion for the separaiion of neutrophil precursor from human bone 
marrow. Xhc bone marrow aspirate is placed upon a two- layer 
Percol) gradient of densities I.C)65 and 1.080 g/ml. Following 
cenirifugaiion, three cell bands can he recovered: "band 1" 
containing band- and .segmented neutrophil, ''band 2" containing 
myelocytes and metamyelocytes, and "band 3" containing 
myeloblasts and promyelocytes. 

each of the six two-layer Percoll gradients and the 
tubes were centrifuged (1000 X g for 20 min at 4^C). 
This resulted in a separation of the bone marrow 
cells into three bands*' (Fig. 1): ''band V" — the 
pellet at the bottom of the tube — which contained 
the most mature neutrophils (primarily band and 
segmented neutrophils) as well as some contaminat- 
ing erythrocytes; **band 2'' — the cells floating in 
the lower Percoll medium just above the pellet — 
which contained the late immature cells (primarily 
myelocytes and metamyelocytes); and '*band 3" — 
the cells found at the interface between the two 
Percoll media — which contained the early imma- 
ture cells (primarily myeloblasts and promyelocytes). 
Table 1 shows a representative differential count of 
the neutrophil precursors in the three bands. Some 
co-purification of cells that do not belong to the 
neutrophil lineage also occurs, as noted in Table 1. 
This should be taken into consideration if very pure 



neutrophil cell populations are required for the ex- 
periments. 

2.3.4. Retrieval of the neutrophil precursors 

Following ccntrifugation, the three bands" us 
well as a layer consisting of lipids and cellular debris 
above the upper (light) Percoll medium, could be 
seen. The "band 3" cells were found at the 10-ml 
marking — these cells were removed with a scrum 
pipette. Between 5 and 7 ml was removed from each 
tube and the cells from the two tubes were pooled in 
a new 50-ml Falcon lube. This resulted in three tubes 
with '*band 3" cells which were stored on ice. Next, 
the ''band 2" cells, which form a fuzzy layer just 
above the cell pellet, were removed with a serum 
pipette in a volume of 4-5 ml from each gradient. 
The.se cells were pooled and stored as above. Finally, 
the remaining Percoll and PBS was removed by 
vacuum-suction leaving only the pellet containing 
the "band 1" cells. The pellets were resuspended in 
distilled water by gentle vortexing in order to re- ; 
move contaminating erythrocytes by hypotonic lysis: 
first, the pellet of one tube was resuspended in 10 ml 
distilled water, then the suspension was transferred 
to a second tube and the pellet in this tube resus-;, 
pended, and then, after 25-30 s, 10 ml 1.8% NaCi" 
was added to obtain a final NaCI concentration of 
0.9%. The three tubes of "band 1" cells were stored 
on ice until used. 

In order to remove the remaining Percoll, all:: 
tubes were filled to 50 ml with cold (4T) 0.9% : 
NaCI and centrifuged (200 for 10 min at 4°C).:r 
The pellets of the "band V\ "band T\ and "band : 
3" cells, respectively, were resuspended in a total v 
volume of 10 ml cold (4°C) 0.9% NaCI and pooled i; 
The number and viability of the cells were deter- : 



Table I 

Differential count of myeloid cells 

The distribution of neutrophil precursors in the three bands of Percoll density gradient separated bone marrow cellu. The numbers refer tf> 
the percentage of the different cell types in each band based on a differential count of 200 neutrophil precursors from a repre.scntativt ; 
Percoll separation. Some co- purification of erythrobla.sts (1.5%, 10,5%, and 23.5% of the total cell population in bands K 2, and 3 cell-V ; 
respectively) and eosinophils (8.5% of total band 1 cells) was ob-served. 

vSegmentcd Bands Metamyelocytes Myelocytes Promyelocytes Myeloblasts 

Band 1 36^5 52^5 9^5 To 00 05 

Band 2 05 19.0 42.5 .13.5 4.0 05 

Band 3 0.5 3.5 4.5 12.5 73.0 6.0 
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.mined by Try pan-blue staining and the distribution 
;;:of neutrophil precursors in the three bands was as- 
:::sessed by differential counting of cytospins (2 X 10^ 
:: cells). The cells were now ready for further studies. 

12.3.5, Preparation of the Percoll density medium 

The Percoll stock had to be diluted to the correct 
: density in sterile water and 1/IOth of the final 
:i:volume of 10 X PBS (10 X PBS is 137 mM NaCl, 
nn mM KCl, 4.3 mM NajHPO^ -T H2O, 1.4 mM 
; KH2PO4 (pH 7.4)) before being used for separation 
of bone marrow cells. The pH of the Percoll solu- 
tions were adjusted to 7.4 before use. The general 
formula for calculating the amount of Percoll stock 
required for making the working solution is: 
Vp=K,( p,^-0.lps-0.9)/( pp^-l) 

where = volume of Percoll stock used in 
milliliters, = final working solution in milliliters, 
p,,f final density of Percoll in media, ~ density 
of the 10 X salt (buffer) solution, and pp^ ~ density 
of Percoll in the stock solution. As iO X PBS has a 
density of 1 .056, the formula can be rewritten to: 

»^P = n(pP, -10056)/( pp,-l) 

when the Percoll gradient is used for separation of 
bone marrow neutrophils. 



■ 



3. Isolation of bone marrow cells by use of anti- 
bodies 

At least two different antibody-based approaches 
have been used to isolate blood cells: by antibodies 
coupled to magnetic beads and isolation of the la- 
beled cells with a strong magnet and by fluorescent- 
labeled antibodies followed by collection of the la- 
i beled cells by flow cytometry and cell-sorting. 

3, J. Isolation of blood cells with magnetic im- 
: munobeads 



pll- ■ Isolation of very pure populations of leukocyte 
PI: subgroups from peripheral blood with antibodies 
11;!:. against lineage restricted antigens (e.g. CD 1 9 for 
IIP B-]ymphoid cells) has been achieved with antibody- 
Ill; coated magnetic beads (Fundenid et al., 1990). In the 
III same manner, highly purified CD34'^ progenitor cells 
liji have been isolated from human bone marrow (de 
IliCoutinho et al., 1995; Servida et al., 1996). This 



method can, however, not by itself be used for 
isolation of neutrophil precursors at different stages 
of maturity due to the lack of lineage restricted or 
unique combinations of surface markers for these 
cells (Terstappen et al., 1990). 

3.2. Isolation of neutrophil precursors from bone 
marrow by flow cytometry 

By combining the size and granularity of bone 
marrow cells (measured as forward and orthogonal 
light scattering, respectively) with the measurement 
of the neutrophil-associated antigens CDl lb, CD 15, 
and CD 16 (recognized by antibodies labeled with 
three different fluorescent dyes), it is possible to sort 
neutrophil precursors according to maturity by multi- 
dimensional flow cytometry (Terstappen et al., 1990). 
By this technique, the neutrophil precursors can be 
sorted into six classes containing cells of increasing 
maturity: N-I (myeloblasts), N-II (promyelocytes and 
early myelocytes), N-III (predominantly early myelo- 
cytes), N-IV (myelocytes), N-V (predominantly 
metamyelocytes and band cells), and N-Vl 
(metamyelocytes, band cells, and segmented neu- 
trophils). Although it is possible with this technique 
to obtain very pure cell populations for immunocyto- 
chemical analysis, it is difficult, due to the limited 
number of cells that can be sorted in one event, to 
obtain enough cells for biochemical and U-anscrip- 
tional analysis. Another problem is that most flow 
cytometers cannot collect six different cell popula- 
tions in one sorting event. This means that part of the 
bone marrow sample must be run more than once or 
that multiple bone marrow samples have to be sorted. 

Multidimensional flow cytometry has been used 
with success for the diagnosis of acute myeloid 
leukemia and for follow-up studies after treatment of 
the leukemic patients (Terstappen et aL, 1992; Por- 
wit et al., 1996). The method has, however, not been 
used for the analysis of protein biosynthesis or gene 
transcription in neutrophil precursors — probably 
due to the limitations described above. Recently, a 
method for measuring the levels of gene expression 
in in vitro differentiated CD34'*^,CD38" cells at the 
single-cell level was described (Cheng et al., 1996). 
The CD34^,CD38" cells were isolated from bone 
marrow by cell sorting and the transcript levels were 
measured by a combination of reverse transcription- 
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PCR and Southern blotting. A similar approach can 
probably be used for measuring mRNA levels in 
neutrophil precursors isolated by multidimensional 
flow cytometry. 

4. Pros and cons of Percoll vs. antibody-mediated 
isolation of blood cells 

No comparative studies of the possible effects of 
purifying neutrophil precursors by Percoll density 
centrifugation contra antibody-based methods have 
been published. The use of magnetic beads coated 
with antibodies against CD 15 for isolation of neu- 
trophils from peripheral blood has been shown to 
result in a more pure population of neutrophil granu- 
locytes (>99%) than that obtained by Percoll den- 
sity centrifugation where the neutrophils were con- 
taminated with 6% eosinophils (Zahler et aL, 1997). 
The neutrophils isolated by magnetic separation also 
appeared to be less activated than those purified on 
the Percoll gradient as they had a lower basal surface 
expression of CDl lb and demonstrated a more pro- 
nounced upregulation of CDl 1 b in response to fMLP. 
In another study, where removal of neutrophils with 
anti-CD 16-coated magnetic beads was included as 
part of the purification of eosinophils, it was found 
that the isolation procedure affected the chemotactic 
responsiveness of the eosinophils to IL-8 (Rozell et 
al., 1996). In contrast, eosinophils isolated by Percoll 
density centrifugation were still able to respond to 
IL-8. Why magnetic separation had this effect on the 
eosinophils is not clear. It is, however, known that 
the use of antibodies for isolation of blood cells in 
some cases can result in an activation of the cells. 
This has been observed for e.g. T-cells incubated 
with anti-CD3 and anti-CD28 (Levine et al., 1996) 
and neutrophils incubated with anii-CDl lb and anti- 
CD16 (Bartunkova et al., 1997). The use and choice 
of antilxxiies for cell purification must therefore be 
considered carefully. 

5. Analysis of PercoU-separated bone marrow cells 

We have used Percoll-separated bone marrow cells 
to investigate the regulation and synthesis of granule 
proteins in neutrophil precursors. A short description 
of the some of the techniques employed, and the 
results obtained, is presented below. 



5.1. Identification of granule proteins in neutrophil 
precursors by immunocytocheinical .staining 

Cytospin preparations of neutrophil precursors 
isolated by density centrifugation have been ana- 
lyzed for the presence of the granule proteins 
myeloperoxidase (MPO), lactoferrin, hCAP-18, 
YKL-40, and gelatinase (Borregaard et al., 1995; 
S0rensen et al., 1997; Volck et aL, 1998). In short, 
cytospins of the neutrophil precursors were fixed in 
4% formaldehyde, 0.1 M phosphate buffer (pH 7.0) 
and permiabilized in TBS (50 mM Tris-HCl (pH 
7.6), 150 mM NaCl) with 1% Triton X-100. Unspe- 
cific binding was blocked by incubating with TBS 
containing 1% bovine serum albumin (BSA) and the 
cells were incubated with the *'anti-granula 
protein' '-antibody diluted in TBS, 0.25% BSA. Fol- 
lowing wash in TBS the immunoreaction was devel- 
oped by alkaline phosphatase-antialkaline phos- 
phatase (APAAP) staining (Dako, Glostrup, Den- 
mark). The slides were counterstained in Mayer's 
hematoxylin. 

Positive staining for MPO was seen in cells from 
all three bands in accordance with its synthesis in 
promyelocytes and storage in azurophil granules : 
(Borregaard and Cowland, 1997). Positive staining ■. 
for lactoferrin (Borregaard et al., 1995), YKL-40 ; 
(Volck et al., 1998), and hCAP-18 (S0rensen et al., : 
1997) was found only in '*band 2" and '*band 1" ; 
cells as expected for proteins synthesized in myelo- ; 
cytes/metamyelocytes and stored in specific gran- 
ules (Borregaard and Cowland, 1997). Finally, posi- : 
tive staining of gelatinase was observed only in band ; 
1 cells indicating that the synthesis of gelatinase and :■. 
the formation of gelatinase granula occurs in 
band/segmented cells (Borregaard et al., 1995). Im- 
munocytochemical staining of band 2 cells (myelo- 
cytes/metamyelocytes) with anti-MPO and anti- 
lactoferrin antibodies is shown in Fig. 2. All the cells 
were found to stain positive for the azurophil granule • 
protein MPO whereas only the most mature fraction : 
of the cells showed a strong staining for lactoferrin. ' 

5.2. Biosynthesis of granule proteins 

The biosynthesis of the granule proteins MPO, 
elastase, defensin, lactoferrin, NGAL, hCAP-lS*.:' 
gelatinase, and lysozyme (Borregaard et al., 1995; 
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ill:::' F'g- 2. hnmunocyiochemical staining of bone marrow cells. Cytospin preparations of cells from band 2 wen; labeled wiih antibodies against 
MPO (a) and lactoferrin (b). 



;•: S0renscn et al., 1997; Amljots et al., 1998) has been 
investigated in the three Percoll-isolated cell popula- 
{: tions. There are slight differences in the protocols 
: depending on which protein is analyzed but typically 
]■ the cells from the three bands were resuspended to 
;i 1 X 10^ cells/ml in methionine-free MEM (mini- 
}; mum essential medium — with Earle's salt (Gibco 
BRL, Life Technologies, Paisley, Scotland)) supple- 
Si- mented with 10% fetal calf serum (PCS) and incu- 
bated for 45 min at 3TC. The cells were pelleted and 
resuspended to 3X10^ cells/ml in the above 
i medium supplemented with 200 |xCi/ml [^'^S]- 
:; methionine (ICN Pharmaceuticals, Plainview, NY) 
and incubated for 30 min at 37^. The pulse was 
; stopped by pelleting the cells and washing once in 
■ PBS. The cells were resuspended to I X 10^ cells/ml 
; in RPMI-1640 (Gibco BRL) with 10% PCS. After 2 
h incubation the cells were pelleted and resuspended 
ho 3 X 10' cells/ml in RIPA buffer (150 mM NaCI, 
; 30 mM HEPES (pH 7.3), 1 % (vol/ vol) Triton X-100, 
1% (wt/vol) sodium deoxycholate, 1% (wt/vol) 
:-sodium dodecyl sulfate (SDS)) containing protease 
i inhibitors (1 mM phenylmethylsulphonyl fluoride. 
i 200 U/ml aprotinin, 100 fig/ml leupeptin) and 
;i incubated overnight at 4°C. Undissolved material 
fwas pelleted by ultracentrifugation (100,000 X 5 for 
1:20 min at 4**C) and the supernatant recovered. 

Synthesis of granule proteins in the three cell 
Ipopulations was examined by immunoprecipitation 
vWith ''anti -granule protein'* antibodies coupled to 
::-CNBr-activated Sepharose 43 beads (Amersham- 
: jPhamacia Biotech) at 5 mg IgG/ml gel. Immunopre- 
.^ipation was perfonned by adding 25 p-I IgG-cou- 
ped Sepharose beads per milliliter cell lysale and 



incubating at 4°C for 2 h. The Sepharose beads were 
recovered by centrifugation and washed four times in 
RIPA buffer and twice in PBS. The immunoprecipi- 
tated proteins were analyzed by SDS-polyacryl- 
amide gel electrophoresis (SDS-PAGE) by boiling 
the Sepharose particles in 100 ^jlI SDS sample buffer 
and running the samples under reducing conditions. 
After fixation, the gels were stained by Coomassie 
blue, destained, and subjected to fluorography using 
Amplify'" (Amersham-Phamacia Biotech) and expo- 
sure of the dried gels to Kodak X-Omatic AR at 
-80T for 1-3 days. 

The biosynthesis data demonstrated that MPO and 
elastase, which are stored in azurophil granula, were 
synthesized at the myeloblast/promyelocyte stages 
of neutrophil differentiation (Borregaard et al., 1995; 
S0rensen et al., 1997). The majority of the specific 
granule proteins lactoferrin, NGAL, and hCAP-18 
was synthesized in myelocytes/metamyelocytes 
(''band T" cells) (Borregaard et al., 1995; S0rensen 
et al., 1997) whereas gelatinase was synthesized 
predominantly in *'band 3" cells (band/segmented 
neutrophils) (Borregaard et al., 1995). These data fit 
the **targeting-by-timing" model for sorting of neu- 
trophil granule proteins (Le Cabec et al., 1996; Bor- 
regaard and Cowland, 1997). This model postulates 
that it is the timing of protein synthesis during 
neutrophil maturation that determines in which type 
of granule the proteins are stored, i.e. proteins syn- 
thesized in promyelocytes will end up in azurophil 
granula whereas proteins synthesized in myelocytes 
will end up in specific granula. The biosynthesis 
patterns of MPO, NGAL, and gelatinase in band 1, 
2, and 3 cells are shown in Pig. 3. 
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Fig. 3. Biosynthesis of granule marker proteins. Bone marrow 
cells from band I, 2, and 3 were incubated with ("^^Sj-nieihionine 
for 30 min and cha-scd for 2 h. Cell lysaies were immunoprecipi- 
laied with anti-NGAL. anti-gelatinase. and anti-MPO. The im- 
munoprecipitates were analyzed by 12% SDS-PAGE and fluorog- 
raphy. Reproduced from Blood with pemii.^ion. 

5.3. Analysis of transcripts for granule proteins in 
neutrophil precursors 

In order to determine whether the mRNA profiles 
for granule proteins match the biosynthesis profiles 
of their cognate proteins, RNA was isolated from the 
three populations of neutrophil precursors for North- 
em blot analysis (Cowland and Borregaard, 1999). 
We have tried different extraction procedures and 
RNA purification kits and found that only RNA 
isolation by the acid-phenol protocol (Chomczynski 
and Sacchi, 1987) gave reproducible results. In short, 
all cells from each of the three bands were lysed in 
5.5 ml GFTC buffer (3.6 M guanidinium isothio- 
cyanate, 180 mM Na- Acetate (pH 4,1), l%(vol/vol) 
P-mercaptoethanol) and the solution homogenized 
by drawing it through a G-21 needle on a 20- ml 
syringe 15-20 times. The RNA was extracted twice 
with 6 ml phenol:chloroform:isoamylalcohol 
(100:49:1) and the RNA precipitated by the addition 
of I vol. isopropanol. The pellet was resuspended in 
600 ^1 GITC buffer and precipitated with iso- 
propanol. The pellet was washed carefully with 500 
fjil cold 70% ethanol and resuspended in 20 \i\ 0.1 
mM EDTA. 

For Northern blot, 10 jxg of RNA was run on a 
\% agarose-gel with 6% formaldehyde in 1 X MOPS 



(20 mM 3-(A^-morpholino)-propane-sulfonic acid, 3 
mM sodium acetate, I mM EDTA, pH 7.0). The 
RNA was transferred to a Hybond-N membrane 
(Amersham-Pharmacia Biotech) by capillary blotting 
and fixed by UV-irradiation. The filters were prc-hy- 
bridized for 2-3 h at 42°C in 30 ml hybridization 
buffer (50% deionised formamide, 1 g/l BSA, I g/1 
Ficoll 400, 1 g/l polyvinylpyrolidon, 0.5% SDS, 0.9 
M NaCI, 50 mM NaH2P04, and 5 mM EDTA (pH 
7.5)) with 20 ^JLg/ml denatured salmon sperm DNA. 
The cDNA probes used for hybridization were 
labeled with the Random Primers DNA Labeling 
System (Gibco BRL) and hybridized to the mem- 
branes overnight. The membranes were washed for 
2X15 min at 60°C in 2 X SSC (I X SSC = 150 mM 
NaCl, 15 mM sodium citrate (pH 7.0)), 0.5% SDS 
followed by 2 X 15 min in 0.2 X SSC, 0,5% SDS. 
The sizes of the mRNAs were determined by refer- 
ence to I8S and 28S ribosomal RNA. The blot was 
developed and quantified by a phosphoimager (FUJI 
X Bas 2000) using the software TINA ver. 2.086 
(Santax, Aarhus, Denmark). 
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Fig. 4, Northern blot of total RNA from mature granulocytes from ■ 
peripheral blood (PMN) and three populations of neutrophil pre- 
cursors from bone marrow (band I, 2, and 3). The blot waiix 
hybridized with probes against two matrix proteins of azurophil-;;: 
granules: MPO and defensin (HNP-3). 
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and 3). The blot was 
f.rix proteins of azurophil 



The mRNA distribution for 16 different granule 
proteins was determined in the three Percoll-sep- 
arated neutrophil precursor populations and in neu- 
trophils from peripheral blood (Cowland and Borre- 
gaard, 1999). In the cases where the biosymhetic 
profiles of the granule proteins were known, the 
mRNA profiles were found to match these perfectly 
indicating that the expression of granule proteins is 
determined by the expression of their cognate 
mRNAs. In the remaining cases, the mRNAs had the 
cellular distribution one would expect if their cog- 
nate proteins were to be directed to their known 
storage organelles according to the targeting-by-tim- 
ing model. A representative Northern blot hybridized 
with cDNA probes against MPO and defensin is 
: shown in Fig. 4. 



; 6. Conclusion 

Although different techniques for isolation of neu- 
trophil precursors from bone marrow exist, density 
centrifugation on a Percoll gradient is currently the 
only method that has been used for separating neu- 
trophil precursors for the study of protein biosynthe- 
sis and mRNA expression. Percoll separation is a 
very reproducible and robust method and has been 
used with success to investigate the levels of mRNA 
expression and the amount of neutrophil granule 
protein biosynthesis during myelopoiesis. For these 
reasons, Percoll separation of neutrophil precursors 
is at present the method of choice for such studies. 
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